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ABSTRACT 
Lauric arginate (LAE) and essential oils (EOs) are highly efficacious in broth media but 
are required at much higher concentrations in food products to inhibit foodborne 
pathogens. Because high levels of LAE and EOs affect organoleptic properties of food 
products, this dissertation was studied for the potential of lowering their usage 
concentrations by using them in combination. Antimicrobial activities of LAE and EO 
used alone or in combination were characterized in Chapter 2. Synergistic and 
antagonistic effects of LAE-EO combinations and cinnamon leaf oil/eugnol/thymol were 
observed for inhibiting Gram-positive Listeria monocytogenes and Gram-negative 
Salmonella Enteritidis and Escherichia coli O157:H7, respectively. To overcome the 
antagonistic effect, the antimicrobial activities of LAE-cinnamon oil (CO) combination 
with and without ethylenediaminetetraacetic acid (EDTA) were investigated in Chapter 3. 
EDTA significantly enhanced antimicrobial activities against both Gram-positive L. 
monocytogenes and Gram-negative S. Enteritidis and E. coli O157:H7 that showed the 
increased permeability of outer membrane. Because microscopy studies showed the 
severe damage of bacteria cell membranes by CO and the induced assembly of DNA by 
LAE, it was hypothesized that the increased membrane permeability by EDTA facilitated 
the penetration of LAE and CO targeting intracellular and extracellular matters, 
respectively, to enhanc the activity against Gram-negative bacteria. The LAE-CO-EDTA 
combination was then studied as coatings to improve the safety and quality of whole 
cantaloupes. To predict properties of coatings, chitosan-based films containing LAE, CO, 
and EDTA were characterized for physical and antimicrobial properties in Chapter 4. The 
chosen formulation, with 0.1% LAE, 0.1% EDTA and 1% CO, was studied on whole 
	   vi	  
cantaloupes in Chapter 5. These chitosan-based coatings significantly inhibited the 
growth of foodborne pathogens inoculated on whole cantaloupes and natural molds and 
yeasts and delayed the ripening of whole cantaloupes during 14-day storage at room 
temperature (21°C). The last study in Chapter 6 was focused on emulsifying EOs with 
LAE for use in aqueous systems. Cosurfactant lecithin facilitated the formation of stable 
nanoemulsions but reduced the antimicrobial activity at the studied conditions. Overall, 
the combination of LAE and EO after supplementing EDTA can provide novel 
applications in various consumer products. 
 
Keywords: lauric arginate, essential oils, EDTA, synergistic antimicrobial effect, 
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1.1. Properties of lauric arginate 
 
1.1.1. History, structure and chemistry  
 
Lauric arginate (LAE) was approved in 2005 by the Food and Drug Administration of the 
United States as a novel generally recognized as safe (GRAS) antimicrobial and was 
approved as a safe food additive in 2007 by the European Food Safety Authority 
(Authority, 2007; USDA, 2005). Its chemical name is ethyl-Nα-lauroyl-L-arginate 
hydrochloride (C20H41N4O3Cl, CAS number 60372-77-2). LAE has a molecular weight of 
421.0 Da and its structure is shown in Fig. 1. LAE was first synthesized from lauric acid, 
L-arginine and ethanol (Ruckman et al., 2004) in Barcelona in 1984 by the Higher 
Council of Scientific Research (Infante et al., 1984) and was then patented and 
commercialized by the Vedeqsa Lamirsa Group in Spain. A&B ingredients Inc. 
(Fairfield, NJ) is the distributor in the United States (Gil Bakal, 2005). The rapidly 
metabolism of LAE in vivo to naturally occurring dietary components lauric acid and 
arginine suggests its low toxic to human (Authority, 2007; Hawkins et al., 2009). 
1.1.2. Antimicrobial activity of LAE in microbial growth media 
LAE has a high efficacy in inhibiting a broad spectrum of microorganisms. The minimum 
inhibitory concentrations (MICs) were 0.004% -0.008% for Listeria monocytogenes and 
Listeria innocua strains and 0.02% for Salmonella Typhimurium and S. Heidelberg at 
37°C (Lingbeck et al., 2014). the MICs was increased when the temperature was lower to 
10 and 4°C (Lingbeck et al., 2014). In another study, MICs and minimum bactericidal 
concentrations (MBCs) of LAE against Escherichia coli, L. innocue, Salmonella enterica, 
Staphylococcus aureus and Pseudomonas aeruginosa in broth medium at 37°C were 
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tested (Becerril et al., 2013). The MIC was the lowest for S. aureus (12.5 mg/L), and 
MBC was 50 mg/L. MIC and MBC was the highest against P. aeruginosa (100 mg/L). 
MICs and MBCs for other strains were all 25 mg/L. The high antimicrobial efficacy of 
LAE in broth medium was also reported in other studies (Adams, 2012; Kang et al., 
2014; Soni et al., 2010). 
1.1.3. Antimicrobial activity of LAE in food matrices 
1.1.3.1. Meat and poultry products 
 LAE is mainly allowed to use in meat and poultry products in the United States (USDA, 
2005). Therefore, many studies have been done to explore the applications of LAE in 
these products, as compiled in Table 1.  The dosage limit of LAE is 200 ppm in the 
United States (USDA, 2005). However, 200 ppm LAE was not sufficient to inhibit the 
growth of foodborne pathogens in meat products such as ground chicken (Sharma, Ates, 
Joseph, Soni, et al., 2013) or cold-smoked salmon (Kang et al., 2014). No inhibitory 
effect of 200 ppm LAE on the growth of S. enterica was observed when applying 1 mL 
of a 200 ppm LAE solution on 25 g ground chicken (Sharma, Ates, Joseph, Soni, et al., 
2013). Similarly, 300 µL of a 200 ppm LAE solution did not show any inhibitory effect 
on the growth of L. monocytogenes inoculated at about 6 log CFU/g on the surface of 10 
g cold-smoked salmon at 7 °C (Kang et al., 2014). 200 ppm LAE was not sufficient to 
inhibit the non-pathogenic microorganisms during storage either (Nair et al., 2014). 
Treatment with 200 or 400 mg/kg LAE on chicken breast fillets significantly reduced the 
total population of psychrotrophs by 1.3 and 2.3 log CFU/g, respectively. However, the 
recovery of psychrotrophs was observed after 3-day storage at 4°C, resulting no 
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difference among treated and untreated chicken breast fillets. Additionally, 200 or 400 
mg/kg LAE showed no inhibition of total aerobic bacteria on chicken breast fillets.  
 Antimicrobial activity of LAE has also been studied at an amount much higher than 200 
ppm in meat and poultry products. Treating ham (ca. 3 pound) surface pre-inoculated 
with ca. 7 log CFU/ ham L. monocytogenes with 4, 6, 8 mL 5% LAE dramatically 
reduced the total amount of bacteria by 5.1, 5.4 and 5.5 log CFU/ ham within 24 h at 4°C, 
respectively; but the bacteria recovered by 2 to 5 log CFU/ham after 60 days storage 
(Luchansky et al., 2005). When the inoculation level was reduced to ca. 3 log CFU/ ham, 
the recovery of the bacteria was still observed after treatment with 4 and 6 mL 5% LAE 
(Luchansky et al., 2005). Treatment of 2.5% v/v Protect-M (containing 10% LAE) 
reduced the population of L. monocytogenes by 2.38 log CFU/g on ready-to-eat ham after 
1-day storage at 4±1°C, but the population of L. monocytogenes increased rapidly during 
storage and showed no differences from the control group by day 28 (Lavieri, Sebranek, 
Brehm-Stecher, Cordray, Dickson, Horsch, Jung, Larson, Manu and Mendonça, 2014).  
Therefore, combining LAE with other antimicrobials or postlethality inactivation 
treatment has been investigated (Benli et al., 2011; Christopher, 2012; Martin et al., 2009; 
Porto-Fett et al., 2010; Stopforth et al., 2010). For the combination of 22 or 44 ppm LAE 
with potassium lactate and sodium diacetate, the population of L. monocytogenes on 
frankfurters was reduced by 2.0 log/ package within 2h and no recovery of L. 
monocytogenes was detected during the 120-day storage at 4°C, which contrasted with a 
recovery of the bacteria in treatments with 22 or 44 ppm LAE alone (Porto-Fett et al., 
2010). Similarly, combinations of flash pasteurization (1.5s, 120°C steam) and LAE 
(3.33 mL 5% v/v / pack of four frankfurters) effectively inhibited the growth of L. 
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innocua on frankfurters during the 12-week storage at 10°C (Taormina and Dorsa, 
2009a). Meat processors are required to use one of the three alternatives to maintain the 
sanitary conditions of ready-to-eat meat products: 1) post-lethality treatment and 
antimicrobial agent/process to inhibit the growth of pathogens; 2) post-lethality treatment 
or antimicrobial agent/process to inhibit the growth of pathogens and sanitation program; 
3) sanitation program that include intensity testing and sanitation measures (Food Safety 
and Inspection Service, 2003; Stopforth et al., 2010). In this case, LAE may be more 
suitable for a short-term efficient post-lethality treatment.  
1.1.3.2. Dairy products 
Compared to meat and poultry products, fewer studies have been done to evaluate the 
antimicrobial effectiveness of LAE in dairy products, because LAE is not currently 
allowed in dairy products (USDA, 2015) except cheese (USDA, 2005). 200 ppm of LAE 
reduced the population of L. monocytogenes inoculated at 4 log CFU/mL in skim milk by 
approximately 1 log CFU/mL after 24 h at 4°C, but the recovery of bacteria was detected 
during the 15-day storage (Soni et al., 2010). Using a much higher concentration (800 
ppm) of LAE, L. monocytogenes in skim milk was reduced to the undetectable level after 
24h and was completely inhibited during the subsequent storage at 4°C (Soni et al., 
2010). The antimicrobial activity of LAE in Queso Fresco cheese has also been 
evaluated, but neither 200 ppm nor 800 ppm of LAE was able to totally inhibit the 
growth of L. monocytogenes during the 28-day storage at 4°C (Soni et al., 2010). Soni et. 
al (2012) also studied the effect of 200 ppm LAE in inhibiting the growth of L. 
monocytogenes in Queso Fresco cheese and similar results were found—initial reduction 
of L. monocytogenes was achieved by the addition of 200 ppm LAE followed by growth 
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of the bacteria during the 28-day storage at 4°C (Soni et al., 2012). In contrast, 
combination of 200 ppm LAE and potassium lactate–sodium diacetate mixture 
completely inhibited the recovery of L. monocytogenes on the surface of Queso Fresco 
cheese during storage (Soni et al., 2012). Although low concentrations of LAE were not 
effective to inhibit the growth of foodborne pathogens during storage, the addition of ≤ 
200 ppm LAE significantly reduced the total bacterial counts in unflavored pasteurized 
milk and maintained the total bacterial counts below 20,000 /mL (Woodcock et al., 
2009), which was the Pasteurized Milk Ordinance limit for grade A pasteurized milk 
(Food and Drug Administration, 2007). These studies showed the potential application of 
LAE as an effective preservative in pasteurized milk. 
1.1.3.3. Other products 
Aerobic plate count and E.coli /coliform count of California walnuts were evaluated after 
spaying with 0.2% LAE and up to 200 ppm peracetic acid; no significant differences 
were observed from the water control (Frelka and Harris, 2015). In another study, 100 
ppm LAE on polished stainless coupons reduced the initial amount of ca. 4 log CFU/mL 
L. monocytogenes by 1.38 and 2.57 log CFU/ coupon after 5 and 15 min exposure, 
respectively (Saini et al., 2013).  
1.1.4. Interaction of LAE with food components 
The much reduced antimicrobial activity of LAE in food matrixes, as described above, is 
mainly due to the interaction of LAE with food components. LAE is an active cationic 
surfactant and therefore can interact with many anionic food compounds, such as pectin 
(Asker et al., 2008). The activity of 200 ppm LAE was observed to be lower in chocolate 
flavor milk than in unflavored milk (Woodcock et al., 2009). Similarly, 200 or 800 ppm 
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LAE was lower efficient in inhibiting the growth of L. monocytogenes in whole milk than 
in skim milk (Soni et al., 2010). Asker et, al. (2008) studied the interaction of LAE with 
negatively-charged pectin using isothermal titration calorimertry (ITC), 
microelectrophoresis, and turbidity results and concluded the binding was attributed to 
the electrostatic attraction. Strong interactions between LAE and other anionic 
biopolymers, such as alginate, carrageenan, and xanthan were also identified in ITC, 
while no complex formation was detected between LAE and cationic chitosan or 
nonionic dextran (Bonnaud et al., 2010). Electrostatic interactions between LAE and 
anionic polysaccharides--xanthan and λ-carrageenan-- were shown to decrease the 
antimicrobial efficacy of LAE against spoilage yeasts including Saccharomyces 
cerevisiae, Candida albicans and Zygosaccharomyces bailii, showing increased MICs 
and MBCs at a higher concentration of polysaccharides (Loeffler et al., 2014).   
1.1.5. Combinations of LAE and other antimicrobials to inhibit foodborne pathogens 
Many studies have been conducted to investigate the possible synergistic effect by 
combining LAE and other antimicrobials, in order to lower the concentration of LAE 
used, increase antimicrobial efficacy and lower the cost of antimicrobials. A triplet 
combination of LAE, cinnamic acid and sodium benzoate was found to be synergistic 
against spoilage yeast Brettanomyces naardenensis (Dai et al., 2010). Synergistic 
antimicrobial effect was also shown in the combination of LAE and carvacrol in 
inhibiting Salmonella in TSB and on ground turkey containing 7% fat (Oladunjoye et al., 
2013). The combination of LAE and a cyclical antimicrobial peptide—subtilosin 
synergistically inhibited the growth of human pathogen Gardnerella vaginalis associated 
with bacterial vaginosis (Noll et al., 2012). Besides, combinations of LAE with organic 
	   8	  
acid salts including sodium diacetate, sodium citrate and sodium lactate were synergistic 
against L. monocytogenes and Salmonella Rissen (Suksathit and Tangwatcharin, 2013). 
In another study, the enhanced antilisterial activity in emulsion-type sausages was 
detected when combining LAE with sodium lactate and/or methylparaben (Terjung, 
Loeffler, Gibis, Hinrichs, et al., 2014). Additive/indifferent effect, which means the 
antimicrobial activity of the combination equals the sum of individual antimicrobials, of 
LAE and nisin was detected in inhibiting the growth of L. monocytogenes (Brandt et al., 
2010). Similarly, additive effect against E. coli, S. Enteritidis, Enterobacter aerognes, 
Bacillus cereus and L. monocytogenes was found in combinations of white mustard EO, 
citrus flavonoid and acid blend, and LAE, while these combinations were synergistic 
against Staphylococcus aureus (Techathuvanan et al., 2014). Moreover, combination of 
LAE and bacteriophage P100 had no significant difference from treatments with 
antimicrobials alone when inhibiting L. monocytogenes on cold-smoked salmon (Soni et 
al., 2014). 
1.1.6. Antimicrobial mechanism of LAE 
Although antimicrobial activity of LAE was well characterized in broth and in food 
matrices, alone or in combination with other antimicrobials, the mechanism of the 
antimicrobial action has not been fully understood. Rodríguez et. al (2004) studied the 
effect of LAE on the cell envelope of Gram-negative bacteria S. Typhimurium and Gram-
positive bacteria S. aureus using transmission electron microscopy (TEM), fluorescence 
microscopy, flow cytometry and ion-flux across the cellular membrane. The authors 
found that LAE altered the cell integrity or disrupted the outer membrane of S. 
Typhimurium but no change in cytoplasm was observed. For Gram-positive S. aureus, 
	   9	  
treatment with LAE led to the formation of mesosome-like structures and abnormal 
septation in the cytoplasm. However, all the treated cells were kept intact. Pattanayaiying 
et, al. (2014) studied the antimicrobial mechanism of LAE and nisin combination. They 
found that LAE caused the morphology change of bacteria cells, such as distorted and 
dimpled E. coli O157: H7 cells based on scanning electron microscopy. Formation of 
irregular cross-wall and abnormal septation was also observed in the cytoplasmic 
membrane of L. monocytogenes using TEM, which was similar to observation of 
Rodriguez et al. (2004). Cell lysis was not observed either. The authors hypothesized that 
LAE affected the outer membrane of Gram-negative bacteria E. coli O157:H7 through 
the electrostatic interaction between the positively charged arginine and negatively 
charged outer membrane. Overall, these studies show that LAE mainly act towards the 
cell envelop of bacteria to cause the instability of cell membrane without causing cell 
lysis to inhibit bacteria growth (Gil Bakal, 2005). Other mechanisms are to be further 
investigated.  
1.1.7. Antimicrobial coatings or films containing LAE 
To explore the application of LAE, several studies have been done to prepare 
antimicrobial coatings or films incorporated with LAE alone or with other antimicrobials 
(Aznar et al., 2013; Guo et al., 2014; Higueras et al., 2013; Muriel-Galet et al., 2012; 
Muriel-Galet et al., 2014). Antimicrobial coatings and films consisting of 1.94 mg/cm2 
chitosan and 0.388 mg/cm2 LAE reduced the population of L. innocua by ca. 4.5 log 
CFU/cm2 on ready-to-eat deli turkey meat, and the addition of 486 IU/cm2 nisin did not 
additionally improve the antimicrobial efficacy of the coatings and films (Guo et al., 
2014). LAE in films of ethylene-vinyl alcohol copolymers (EVOH) with different mol % 
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ethylene contents (EVOH-29 and EVOH-44) was fully released (Muriel-Galet et al., 
2014). Besides, EVOH-29 film containing 10% LAE (with respect to EVOH weight) 
reduced the population of L. monocytogenes and S. enterica by ca. 4 log in infant formula 
after 6-day storage at 4°C (Muriel-Galet et al., 2012). Therefore, LAE can be used to 
prepare high antimicrobial efficacy films and coatings to improve the safety of food 
products. 
1.1.8. Emulsions prepared with LAE 
Being a cationic surfactant, LAE can be used to prepare emulsions. LAE can improve the 
stability and antimicrobial activity of the system (Chang et al., 2015), also antimicrobial 
activity of LAE can be impacted by emulsification (Terjung, Loeffler, Gibis, Salminen, et 
al., 2014; Terjung, Monville, et al., 2014). LAE has a water/oil partitioning coefficient of 
>10, which means it prefers to be in the aqueous phase of products (Gil Bakal, 2005). 
The emulsification ability of LAE was not good when used alone (Ziani et al., 2011); but 
it can be used to help preparation of emulsions. Emulsions of thyme oil (>0.4%) and corn 
oil (<0.6%) were highly unstable and phase separation occurred when only 1.0% Tween 
80 was used as an emulsifier (Chang et al., 2015); with 0.9 % Tween 80 and 0.1% LAE, 
stable nanoemulsions of thyme oil were obtained and the concentration of thymol oil can 
be added up to 0.7% in the system; and antimicrobial efficacy of the system was also 
significantly improved. Terjung et al. (2014) studied the impact of different application 
forms of LAE on antimicrobial activity in “Lyoner style” sausages. They found that 
antimicrobial activity of LAE increased in the order of powder < aqueous and solid lipid 
particles (SLP) with a particle size of 15 µm < emulsion with a droplet size of 15 µm < 
SLP with a particle size of 5 µm < emulsion with a droplet size of 5 µm < emulsion with 
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a droplet size of 0.2 µm. The results suggested that increasing surface area of the 
application systems increased antimicrobial activity of LAE. However, opposite results 
were obtained when applying these systems on the surface of “Lyoner style” sausage 
slices, because the reduced antimicrobial activity of LAE was detected when applied as 
emulsions or SLPs, which was explained as the reduced mobility of LAE when 
incorporated into emulsions or SLPs compared to in aqueous solution (Terjung, 
Monville, et al., 2014).  
1.1.9. Stability of LAE 
LAE commercial products are usually dissolved in a food grade solvent, such as 
propylene glycol and glycerol, because LAE powder is not convenient for low-dose 
applications (European Food Safety Authority, 2007). At pH 4, the half-life of LAE was 
longer than 1 year at 25°C, but it decreased to 57 days at pH 7, and 34 hours at pH 9 
(European Food Safety Authority, 2007). Additionally, LAE precipitates in solutions at 
pH>4.5 and a high ionic strength (Asker et al., 2011).  Very few studies are available to 
improve the stability of LAE, except in one study by forming complexes with Tween 20 
and negatively charged pectin (Asker et al., 2011).  
1.1.10. Sensory impact of LAE 
Due to the cationic nature, LAE has a bitter taste at high concentrations, which may 
affect the acceptability of food products, but threshold of LAE in food products has not 
been reported. A few studies have evaluated the impact of LAE on the sensory attributes 
of food products. Sommers et. al (2012) found the insignificant impact of combined LAE 
and flash pasterization on the color and texture of frankfurters (Christopher, 2012).  Soni 
et. al (2010) studied the consumer acceptability of Quesco Fresco cheese after being 
	   12	  
treated with 200 ppm and found no significant differences in the acceptability of the 
appearance, aroma, flavor and texture between the control and treatments (Soni et al., 
2010). 
1.2. An overview of essential oils  
Essential oils (EOs) are aromatic oily liquids obtained from plants. EOs are secondary 
metabolites in plant and play roles in mediating plant-environment interactions such as 
plant-plant communication, defense and plant pollination (Burt, 2004; Croteau et al., 
2000; Lewinsohn et al., 1991). They are complex mixtures containing 20-60 components 
with variable concentrations; and usually are characterized by their major components 
(Bakkali et al., 2008).  The major components of some commonly used EOs are listed in 
Table 1.  
1.2.1. Antimicrobial activities of EOs 
Many EOs exhibit great antimicrobial activities against a broad spectrum of 
microoranisms, such as foodborne pathogens, fungi, and viruses (Burt, 2004). Many of 
them have been approved as GRAS additives in the United States (U.S. Food and Drug 
Adminstration, 2014). Antibacterial activities of EOs have been well characterized (Burt, 
2004; Fu et al., 2007; Kim et al., 1995). MBCs of carvacrol against S. Typhimurium and 
Vibrio vulnificus in a liquid medium were 250 µg/mL, and were 500 µg/mL against E. 
coli O157:H7 and L. monocytogenes (Kim et al., 1995). 0.250% v/v of clove oil was able 
to inhibit the growth of Staphylococcus epidermidis, S. aureus, Bacillus subtilis, E.coli 
and Proteus vulgaris in broth medium (Fu et al., 2007). EOs have antifungal activities as 
well (Omidbeygi et al., 2007; Oxenham et al., 2005; Tian et al., 2011). 5 µL/mL EO 
extracted from the fruits of Cicuta virosa L. var. latisecta Celak was able to totally inhibit 
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the growth of Aspergillus flavus, Aspergillus oryzae, Aspergillus niger, and Alternaria 
alternata in potato dextrose agar. EO can also inhibit the spore production (Tian et al., 
2011). 500 ppm thyme oil reduced the total population of A. flavus by 87.5% compared to 
the initial count of 105 CFU/mL in culture medium (Omidbeygi et al., 2007). Besides, 
antiviral activities of EOs were investigated (Garozzo et al., 2009; Loizzo et al., 2008; 
Reichling et al., 2009). The concentration of Laurus nobilis oil required to inhibit 50% of 
(IC50) of severe acute respiratory syndrome-coronavirus (SARS-CoV) was shown to be 
120 µg/mL and that against Herpes simplex virus type 1 (HSV-1) was 60 µg/mL (Loizzo 
et al., 2008); similarly, IC50 of Thuja orientalis oil was 130 µg/mL in inhibiting SARS-
CoV, but was greater than 1000 µg/mL for HSV-1 (Loizzo et al., 2008). In another study, 
tea tree oil effectively inhibited the growth of HSV-1 and HSV-2, and the IC50 in 
inhibiting HSV-1 and HSV-2 was 0.025% v/v (Garozzo et al., 2009). 
Because EOs are natural compounds from plants, many efforts are made to explore the 
applications of EOs in food products to meet the increasing demand of consumers about 
natural additives. However, a much higher concentration of EOs is needed in food 
matrices to inhibit target microorganisms. The application of 3 mmol/L carvacrol reduced 
L. monocytogenes by 0.6 log units at 1°C in N-[2-acetamido]-2-aminoethanesulphonic 
acid buffer, while no log reduction was detected when applying the same concentration in 
semi-skimmed milk (Karatzas et al., 2001).  Similarly, 0.5% rosemary oil was able to 
completely inhibit the recovery of L. monocytogenes on brain heart infusion agar, but 1% 
rosemary oil showed no bactericidal effect of L. monocytogenes in pork liver sausage 
(Pandit and Shelef, 1994). In another study, to achieve the same effect as in broth, about 
50-fold higher concentrations of carvacrol were needed in commercial soups to inhibit 
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the toxin production by Bacillus cereus (Ultee and Smid, 2001). It is generally supposed 
that components such as protein and fat in food matrices protect the microorganisms from 
the action of EOs (Aureli et al., 1992; Burt, 2004). The interaction of EOs with the lipid 
phase of food matrices or less water content in food products may also prevent the 
antibacterial action of EOs (Mejlholm and Dalgaard, 2002; Smith-Palmer et al., 2001). 
1.2.2. Antimicrobial mechanisms of EOs 
EOs have different groups of chemical compounds, therefore, their antimicrobial actions 
may not be the same (Lambert et al., 2001). However, an important characteristic of EOs 
is their hydrophobicity, which makes the bacteria cell membranes the first target of their 
antimicrobial action (Sikkema et al., 1994). Treatment with carvacrol or thymol increased 
the permeability of cell membrane and leakage of inorganic ions (Lambert et al., 2001). 
The integrity of cell membrane was destroyed by oregano, basil, bergamot and perila EOs 
observed by scanning electron microscopy, and the release of cell constituents was also 
detected (Lv et al., 2011). In another study, sever damages of both Gram-positive bacteria 
L. monocytogenes and Gram-negative bacteria E. coli O157: H7 cell membranes were 
observed after treatment with oregano oil, cinnamon oil or savory oil, which also 
suggested the cytoplasmic membrane being one of the targets for EOs (Oussalah et al., 
2006). 
1.2.3. Sensory impact of EOs on food products 
EOs are aromatic volatile compounds, and thus, high concentrations of EOs used in food 
products can affect the sensory attributes and acceptability of food products. Off-flavor 
was detected on hot-dog bread when 1.8~3.5 µg/mL of the active component of mustard 
oil, allyl isothiocyanate, was added in the modified atmosphere packaging (MAP) 
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(Nielsen and Rios, 2000). In another study, a very strong taste was imparted to the fresh 
chicken breast meat when adding 1% of oregano oil into MAP, although microorganisms 
on the product were significantly inhibited (Chouliara et al., 2007). Alterations in the 
taste of sausage after addition of marjoram oil were also reported by Busatta et. al 
(Busatta et al., 2008). In milk, addition of 0.1 µL/L of EO mainly composed of terpenoid 
compounds did not affect its sensory properties, whereas the sensory properties were 
altered at 1.0 µL/L (Tornambé et al., 2008). The addition of 3.0 µL/L EO in milk 
imparted some unusual odors and aromas to the prepared small Cantal-type cheese 
products (Tornambé et al., 2008). However, some EOs are acceptable in specific 
products. In a study, addition of up to 0.8% of oregano oil in MAP yielded a distinct but 
pleasant flavor to the lightly salted cultured sea bream fillets under refrigeration, and the 
products with oregano oil was still acceptable after 33-day storage (Goulas and 
Kontominas, 2007). Addition of 300 ppm oregano and 1,000 ppm marjoram EO was also 
overall acceptable on lettuce (Gutierrez et al., 2008). Overall, sensory properties and 
acceptability of food products associated with spices, herbs or seasonings are the least 
affected by the addition of aromatic EOs (Burt, 2004). However, lowering the 
concentration of EOs is desirable, which would be an effective method to avoid the 
influence of EOs on the sensory properties of food products. 
1.2.4. Nanoemulsions as delivery systems for EOs 
A high concentration of EOs is needed in food products, but the low solubility of EOs in 
water can limit their applications in aqueous systems (Chen et al., 2014). Nanoemulsions, 
consisting of oil phase, water phase, surfactant and possibly a co-surfactant, are 
transparent or translucent colloidal dispersions that have a droplet size range of 50-
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200nm (Kong and Park, 2011). They are usually prepared by high-energy approaches, 
such as sonication, high pressure valve homogenization, and microfluidization 
(McClements, 2012).  Many studies have been conducted to prepare nanoemulsions of 
EOs, in order to disperse EOs in the aqueous phase and improve their antimicrobial 
activity (Anwer et al., 2014; Donsì et al., 2011; Xue and Zhong, 2014). For example, 
water solubility of thymol is 0.48 g/liter at 21°C, while 2.5% thyme oil (major component 
being thymol) can be incorporated in the nanoemulsion system with 5% sodium caseinate 
and 1% lecithin (Xue and Zhong, 2014). In one study, similar or slightly better 
antimicrobial activity in bacteria media was observed in a nanoemulsion of thyme oil 
emulsified by soluble soybean polysaccharide than thyme pre-dissolved in ethanol (Wu et 
al., 2014). In another study, a nanoemulsion of peppermint oil emulsified by 12% w/w 
modified starch showed better antimicrobial activity in inhibiting L. monocytogenes and 
S. aureus than pure peppermint oil (Liang et al., 2012). Therefore, nanoemulsions are 
good delivery systems for the application of hydrophobic EOs in food products. 
1.3. An overview of antimicrobial coatings or films 
Quality, safety, and shelf life of semi-solid food products, such as ready-to-eat fruits and 
ready-to-eat meat products are mainly dominated by microorganisms present on the 
surface. Antimicrobial coatings or films exhibit great potential to improve the safety and 
quality, and extend the shelf life of food products, because antimicrobials are easy to 
attach on the surface of food products and slow release of antimicrobials during storage 
may be obtained (Muriel-Galet et al., 2012). Furthermore, antimicrobial coatings or films 
can be prepared to be selective for permeation of oxygen, carbon dioxide (Srinivasa et al., 
2002), and water (Carrillo-Lopez et al., 2000), which can slow down the ripening process 
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of fruits and vegetables and improve the quality of food products (Carrillo-Lopez et al., 
2000; Park et al., 1994; Xu et al., 2001).  
1.3.1. Materials for preparing coatings and films 
Materials used in coatings and films can be divided into three groups: polysaccharides, 
proteins and lipids (Cagri et al., 2004). Polysaccharide-based coatings and films usually 
include chitosan, alginate, pectin and cellulose derives (Cagri et al., 2004). Chitosan 
consisting of β-1, 4-linked glucosamine and N-acetyl glucosamine is derived from chitin 
by deacetylation, which is one of the most abundant natural polymers (Coma et al., 
2002). Chitosan-based films have good mechanical properties but have poor water 
resistant properties (Caner et al., 1998). Alginate, consisting of unbranched binary 
copolymers of 1, 4-linked β-D-mannuronic acid and α-L-guluronic acid (Gacesa, 1988), 
is a hydrophilic polysaccharide extracted from different species of brown seaweeds. 
Alginate shows unique thickening, film forming, gel producing and stabilizing properties 
(Rhim, 2004). Calcium ions are usually needed to prepare alginate-based films to 
improve their physical properties (Rhim, 2004). Pectin, the major structural component of 
cell walls, is composed of β-1,4-linked D-galacturonic acid residues, in which the uronic 
acid carboxyls are either partially (low methoxyl pectin) or fully (high methoxyl pectin) 
methyl esterfied (da Silva et al., 2009; Pavlath et al., 1999).  
Protein-based coatings and films include those of casein, whey protein, gelatin, corn zein, 
and soy protein (Brandenburg et al., 1993; Cagri et al., 2004; Chambi and Grosso, 2006; 
Mastromatteo et al., 2009; Seydim and Sarikus, 2006). Lipids such as waxes, fatty acids 
and acylglycerols are usually used to form films (Cagri et al., 2004; Kamper and 
Fennema, 1984; Saucedo-Pompa et al., 2009). 
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1.3.2. Effects of antimicrobial coatings and films on quality and safety of food products 
Many studies are conducted to evaluate the effect of antimicrobial coatings or films on 
quality and safety of food products. For meat and poultry products, cellulose films 
incorporated with 2500 IU/mL of nisin reduced the amount of L. monocytogenes on the 
surface of vacuum-packaged frankfurters by about 2 log CFU/g during the 14-day storage 
at 4°C, and the total aerobic bacterial count was reduced by about 3.3 log CFU/g when 
compared to control samples (Nguyen et al., 2008). Chitosan-based film incorporated 
with acetic acid and cinnamaldehyde significantly reduced the population of Serratia 
liquefaciens on the surface of cooked ham by ca. 2~4 log during the 21-day storage at 
4°C (Ouattara et al., 2000).  In another study, milk protein-based films containing 1.0 % 
w/v oregano or 1.0% w/v pimento oil were applied on beef muscle slices (Oussalah et al., 
2004). The films containing oregano oil reduced the level of Pseudomonas spp. and E. 
coli O157: H7 by 0.95 log and 1.12 log, respectively, during 7-day storage at 4°C, and 
the prepared films inhibited lipid oxidation of beef muscle samples as well (Oussalah et 
al., 2004).  
Antimicrobial films and coatings are also frequently studied to improve the quality and 
safety of fresh produce (Cagri et al., 2004; Devlieghere et al., 2004). Coatings consisting 
of 1% high molecular weight chitosan and 3% lemon oil on cold-stored strawberries 
slowed down the respiration rate and significantly reduced the decay level of strawberries 
(Perdones et al., 2012). Apple puree-alginate coatings containing lemongrass, oregano oil 
and vanillin significantly reduced the ethylene production in fresh-cut “Fuji” apples, and 
significantly inhibited the growth of yeast and molds, and psychrophilic aerobes (Rojas-
Graü et al., 2007). Chitosan-based coating incorporated with 60 µL/mL allyl 
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isothiocyanate reduced more than 5 log CFU/cm2 of Salmonella on the surface of 
cantaloupes (Chen et al., 2012). Overall, antimicrobial films and coatings are a good 
strategy to improve the safety and quality of food products. 
1.4. Hypothesis and scope of dissertation research 
LAE has high efficacy in inhibiting microorganisms in broth medium. However, recovery 
of microorganisms is frequently detected during the storage of food products after 
treatment with LAE alone, even at high concentrations. High concentrations of LAE used 
in food products can cause the bitter taste, and therefore, strategies are needed to lower 
the concentration of LAE needed in food products. High concentrations of EOs are also 
needed in food matrixes, which may impact the sensory properties and acceptability of 
food products and impart undesirable flavors.  
Combining antimicrobials may generate synergistic antimicrobial effect, which is an 
effective method to lower the concentration of each antimicrobial used. Combination of 
LAE and cavacrol showed synergistic effect in inhibiting Salmonella on ground chicken 
(Oladunjoye et al., 2013), but the effect of LAE and other EOs combination has not been 
characterized. Thus we hypothesize that LAE and EOs can synergistically act against 
foodborne pathogens. In this way, concentrations of LAE and EOs needed in food 
matrices can be reduced. 
Therefore, in Chapter 2, antimicrobial activity of LAE and EOs alone and in combination 
against both Gram-positive and Gram-negative bacteria was evaluated in TSB and 2% 
reduced fat milk. Furthermore, ethylenediaminetetraacetic acid (EDTA) was known to 
increase the permeability of Gram-negative bacteria outer membrane (Vaara, 1992) and 
enhance the antimicrobial activity of antimicrobials, such as nisin and lysozyme (Branen 
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and Davidson, 2004). Therefore, in Chapter 3, antimicrobial activity of LAE and 
cinnamon oil was studied with or without EDTA as well as the mechanisms of the 
antimicrobial activity of the triplet combination. Findings from Chapter 3 were used to 
study antimicrobial films in Chapter 4 after incorporating LAE, cinnamon oil and EDTA, 
in Chitosan. In Chapter 5, chitosan-based coatings containing LAE, cinnamon oil and 
EDTA were applied on the surface of whole cantaloupes. Effectiveness of the coatings in 
inhibiting foodborne pathogens on the surfaces of whole cantaloupes was evaluated. 
Quality parameters of cantaloupes including color, weigh loss, total soluble solids and 
firmness were measured during 14-day storage at room temperature. In Chapter 6, 
because EOs are hydrophobic and have low solubility in water, to utilize the synergistic 
antilisterial effect of LAE and EOs, nanoemulsions of EOs were prepared using LAE and 
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Appendix 
Table 1.1. Studies related to the application of LAE on meat and poultry products. 




Frankfurters 22 or 44ppm LAE with or 
without potassium lactate 





(Porto-Fett et al., 2010) 
22ppm LAE with or 
without potassium lactate 





(Martin et al., 2009) 
5% LAE with or without 
flash pasteurization 
L. innocua (Christopher, 2012) 
Varies volumes of 5,000 
or 8,000ppm LAE or 





(Taormina and Dorsa, 
2009b) 
2.5% protect M 





Stecher, Cordray, Dickson, 
Horsch, Jung, Larson, 
Manu and Mendonca, 
2014) 
Ham 0.07% LAE with or 
without potassium lactate 




(Stopforth et al., 2010) 




(Luchansky et al., 2005) 
5,000 or 9,090 ppm LAE L. 
monocytoge
nes 
(Taormina and Dorsa, 
2009a) 
2.5% protect M 





Stecher, Cordray, Dickson, 
Horsch, Jung, Larson, 
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Table 1.1. continued 













(Benli et al., 2011) 
Chicken 
breast fillets 
200 or 400 ppm LAE S. enterica (Sharma, Ates, Joseph, 




(Nair et al., 2014) 
Ground 
chicken 
200 or 400 ppm LAE S. enterica (Sharma, Ates, Joseph, 
Soni, et al., 2013) 











(Dias-Morse et al., 2012) 
Salmon 200 ppm LAE L. 
monocytoge
nes 
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Table 1.2. Major components of essential oilsa 
Essential oils Major components Approximate % 
composition 
Cilantro Linalool 26% 
 E-2-decanal 20% 
Cinnamon Trans-cinnamaldehyde 65% 
Clove (bud) Eugenol  75-85% 
 Eugenol acetate 8-15% 
Oregano Carvacrol Trace to 80% 
 Thymol Trace to 64% 
Thyme Thymol 10-64% 
 Carvacrol  2-11% 
aTable is adapted from Burt (2004) with modification. 
 
 
                                       
 
             
Figure 1.1 Structure of lauric arginate. 
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A version of this chapter was originally published by Qiumin Ma, 
P. Michael Davidson, Qixin Zhong . 2013. Antimicrobial properties 
of lauric arginate alone or in combination with essential oils in 
tryptic soy broth and 2% reduced fat milk. International Journal of 
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2.1. Abstract 
The objective of this study was to evaluate the antimicrobial activity of lauric arginate 
(LAE) when used alone or in combination with the essential oil (EO) from cinnamon leaf 
and EO components, thymol and eugenol. Minimum inhibitory concentrations (MICs) 
and minimum bactericidal concentrations (MBCs) for Listeria monocytogenes, 
Escherichia coli O157:H7 and Salmonella Enteritidis were determined by the microbroth 
dilution method in tryptic soy broth (TSB) at their optimal growth temperatures. The 
MIC for LAE was 11.8 ppm against L. monocytogenes and E. coli O157:H7 and 23.5 
ppm against S. Enteritidis. Synergistic antimicrobial activity was demonstrated against L. 
monocytogenes with combinations of LAE and cinnamon leaf oil or eugenol, while the 
LAE and thymol combination showed additive antimicrobial activity. Conversely, 
antagonistic effects were shown for all combinations against E. coli O157:H7 and S. 
Enteritidis. Beef extract, at 2 or 5% w/v in TSB, showed no effects on the MIC and MBC 
of LAE against L. monocytogenes, while soluble starch from potato, at 2–10% w/v in 
TSB, increased the MIC and MBC. When tested in 2% reduced fat milk, significantly 
higher levels of antimicrobials were required to achieve similar inhibitions as in TSB. 
The growth curves of bacteria at 21 °C followed similar trends as in TSB, showing 
synergism against the Gram-positive L. monocytogenes and antagonism against the two 
Gram-negative bacteria. Findings suggest that application of LAE could enhance 
microbial food safety, especially when used in combination with EO to inhibit the growth 
of Gram-positive bacteria.  
Keywords: lauric arginate, essential oils, combination, antimicrobial ability, interaction 
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2.2. Introduction 
Lauric arginate (LAE; ethyl-Nα-lauroyl-L-arginine ethyl ester monohydrochloride) is a 
cationic surfactant derived from lauric acid, L-arginine, and ethanol (Ruckman et al., 
2004). It has been approved by the United States FDA as a generally regarded as safe 
(GRAS) food preservative to inhibit microbial growth in selected applications (USDA, 
2005), e.g., at up to 200 ppm in milk and Queso Fresco cheese (Soni et al., 2010). LAE 
inhibits a broad spectrum of foodborne pathogens. For example, Porto-Fett et al. (2010) 
treated frankfurters with 22 or 44 ppm LAE and observed the reduction of Listeria 
monocytogenes by ca. 2.0 log CFU/package within 2 h. The researchers also observed 
that a combination of LAE with lactate and diacetate was required to maintain inhibition 
during 120-day refrigerated storage. Woodcock et al. (2009) treated chocolate and 
unflavored milk with 125, 170, and 200 mg/L of LAE. The aerobic plate count in 
unflavored milk was inhibited by 200 mg/L LAE to below 4.3 log CFU/mL which is the 
Pasteurized Milk Ordinance limit for grade A pasteurized milk during a 21-day storage at 
6°C. Inhibition was less in chocolate than in unflavored milk, with 200 mg/L showing 0.9 
and 5.77 log CFU/mL, respectively, lower than that of the untreated controls without 
LAE at day 21. 
Antimicrobial activities of combinations of LAE with other antimicrobials have been 
studied. Additive antilisterial activity was observed for a combination of LAE and nisin 
in tryptose phosphate broth at 35°C (Brandt et al., 2010). Synergistic antimicrobial 
activity was reported for a combination of LAE with subtilosin, a natural antimicrobial 
peptide produced by Bacillus amyloliquefaciens, against Gardnerella vaginalis ATCC 
14018 (Noll et al., 2012). A combination of LAE and lactate-diacetate blend used to 
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surface-treat cured ham (Stopforth et al., 2010) and frankfurters (Martin et al., 2009) 
showed significantly better inhibition of L. monocytogenes during storage than treatments 
with LAE or lactate-diacetate alone.  
Several studies characterized antimicrobial activities involving combinations of 
surfactants and essential oils (EO), usually in the manner of emulsifying the EOs to form 
nanoemulsions or microemulsions Generally, surfactants could enhance the antimicrobial 
activities of EOs by increasing the solubility of EOs in the aqueous phase (Donsì et al., 
2012; Liang et al., 2012). Since LAE is a cationic surfactant, similarly, combinations 
LAE with essential oils may show synergistic effects in inhibition of bacteria. However, 
reduction of antimicrobial activity of LAE and Tween 80 surfactant mixture was reported 
when loading with thymol oil (Ziani et al., 2011), Thus, it may be interesting to study the 
combination effect of LAE and EOs in inhibiting of foodborne pathogens, since no 
detailed information of combinations of LAE and EOs was available. Besides, bitter taste 
of LAE was unfavorable for consumers, EOs may be helpful in masking the bad taste of 
LAE.   
When used in foods, the cationic nature of LAE may reduce the antimicrobial 
effectiveness because of the potential for binding with anionic and hydrophobic food 
components (Bonnaud et al., 2010). The reduced antimicrobial activity of LAE added to 
chocolate milk compared to unflavored milk was speculated to have been caused by 
stabilizers such as anionic carrageenan in the chocolate powder (Woodcock et al., 2009). 
Strong electrostatic binding between LAE and anionic biopolymers (pectin, alginate, 
carrageenan, and xanthan) was verified by isothermal titration calorimetry (Asker et al., 
2008; Bonnaud et al., 2010). Thus, the influence of food components on the antimicrobial 
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ability of LAE must be studied for realistic application of LAE in foods. 
The objectives of this research were (1) to characterize antimicrobial properties of LAE 
alone or in combination with thymol, eugenol or cinnamon leaf oil against L. 
monocytogenes, Escherichia coli O157:H7 and Salmonella Enteritidis in microbial 
growth media and (2) to determine the influence of model food compounds, beef extract 
and soluble starch, and a model food matrix (2% reduced fat milk) on the antimicrobial 
properties of LAE and antimicrobial combinations.  
2.3. Materials and Methods 
2.3.1. Chemicals 
LAE was kindly provided by Vedeqsa Inc. (New York, NY) with a commercial product 
name of Mirenat-TT that contained 15±0.5% w/w LAE. Eugenol (> 98% purity) and beef 
extract were purchased from Sigma-Aldrich Corp. (St. Louis, MO). Cinnamon leaf oil 
was purchased from Plant Therapy Essential Oils (Twin Falls, ID). Tryptic soy broth 
(TSB) was from Thermo-Fisher Scientific Inc. (Pittsburgh, PA). The ultra-pasteurized 
2% reduced fat milk was from Kroger Co. (Cincinnati, OH). Thymol (99% purity) and 
soluble potato starch were purchased from Acros Organics (Morris Plains, NJ). 
2.3.2. Bacterial culture 
E. coli O157:H7 ATCC 43895, L. monocytogenes Scott A and S. Enteritidis were 
obtained from the culture collection of the Department of Food Science and Technology 
at the University of Tennessee in Knoxville. All strains were maintained at -20°C in 20% 
glycerol. Each strain was transferred at least 2 times in TSB with an interval of 24 h 
before use. 
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2.3.3. Determination of minimum inhibitory (MIC) and minimum bactericidal (MBC) 
concentrations in TSB 
The MIC was determined by the microbroth dilution method (Branen and Davidson, 
2004). The bacterial culture was diluted to about 106 CFU/mL in TSB, and 120 µL of the 
diluted culture was added into wells of a 96-well microtiter plate. Antimicrobial stock 
solutions were prepared at 6% w/w in 70% ethanol. The working antimicrobial solution 
was prepared by diluting the stock solution in TSB to 6000 ppm that was further diluted 
in series from 11.7 to 6000 ppm, with each dilution made to an equal volume with TSB. 
An aliquot of 120 µL of the antimicrobial solution was mixed with the bacterial culture in 
each well and the plates were incubated at 32°C (for L. monocytogenes) or 37°C (for E. 
coli O157:H7 and S. Enteritidis) for 24 h. The MIC was defined as the lowest 
antimicrobial concentration corresponding to an optical density change at 630 nm 
(ΔOD630 nm) of < 0.05. The MBC was determined by spreading 100 µL aliquots from 
negative wells (i.e., ΔOD630 nm < 0.05) on tryptic soy agar (TSA), followed by incubation 
for 48 h at 32°C or 37°C. MBC was defined as the antimicrobial concentration 
corresponding to at least a 3 log reduction of viable cells (Branen and Davidson, 2004). 
2.3.4. Checkerboard method to study antimicrobial combinations 
A “checkerboard” method (Brandt et al., 2010) was used to test the antimicrobial 
effectiveness for the combinations of LAE with EO. To the individual wells of a 96-well 
microtiter plate were added 60 µL of an LAE solution, 60 µL of an EO solution and 120 
µL of bacterial culture (ca. 106 CFU/mL) in TSB. The concentrations of LAE used were 0 
to 23.5 ppm, cinnamon oil and eugenol, 0 to 750 ppm, and thymol, 0 to 187.5 ppm. The 
MIC of antimicrobial combinations was determined as above and was used to calculate 
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fractional inhibitory concentration index (FICI) as Equation 1. The synergistic, additive, 
and antagonistic interactions of antimicrobials A and B correspond to FICI values of < 1, 
1 and > 1, respectively (Davidson and Branen, 1993). 
alone B of 
ncombinatioin  B of 
aloneA  of 





  (1) 
2.3.5. The interaction between LAE and food compounds 
To study the interaction of LAE with food compounds, 2, 5, and 10% w/v of beef extract 
or 2 and 5% w/v of soluble starch were dissolved in TSB and sterilized. Listeria 
monocytogenes culture and LAE solution were added for determination of MIC and MBC 
using the above methods. The protein content of beef extract was quantified using the 
Coomassie blue reagent from Pierce Biotechnology (Rockford, IL), with bovine serum 
albumin as a reference protein. Protein assay was tested in triplicate. 
2.3.6. Microbial survivability end-point analysis in 2% reduced fat milk 
To test the microbial survivability of bacteria in 2% reduced fat milk, 3000, 4000, 5000, 
or 6000 ppm of EO (stock solution 10% w/w EO in 70% ethanol) and 375 or 750 ppm of 
LAE (stock solution 6% w/w LAE in 70% ethanol) were added alone or in combination 
into 2% reduced fat milk. One mL culture with ca. 107 CFU/mL L. monocytogenes was 
added to 9 mL 2% reduced fat milk containing the above antimicrobials to achieve a 
bacterial population of ca. 106 CFU/mL. After incubating the mixtures at 32°C for 24 h, 
the pour plate method, which had a limit of detection of 1 log CFU/mL, was used to 
enumerate viable bacteria. 
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2.3.7. Microbial growth kinetics in 2% reduced fat milk 
To study the growth of L. monocytogenes in the presence of antimicrobials in 2% fat 
milk, 1 mL of culture (ca. 107 CFU/mL) was added to 9 mL of 2% reduced fat milk to 
obtain a final bacterial population of about 106 CFU/mL. EO and LAE at 6000 ppm and 
750 ppm, respectively, were added to evaluate the compounds alone and 3000 ppm of EO 
and 375 ppm of LAE were used for combination studies. The final mixtures were 
incubated at room temperature (21°C) and the viable bacteria enumerated at 0, 4, 8, 24 
and 48 h using the pour plate method. When E. coli O157:H7 and S. Enteritidis were 
studied, concentrations of cinnamon leaf oil, eugenol, thymol and LAE were 5000, 5000, 
4000 and 750 ppm, respectively, when antimicrobials were used alone, while these 
antimicrobial concentrations were reduced by one-half to study the effectiveness of 
combinations. 
2.3.8. GC-MS analysis 
To characterize the major component in cinnamon leaf oil, GC-MS was performed on a 
Shimadzu GC-2010 gas chromatography instrument (Shimadzu Scientific Instruments, 
Columbia, MD) coupled to a Shimadzu QP2010 mass spectrometer (Shimadzu Scientific 
Instruments, Columbia, MD). Compounds were separated on a fused silica capillary Rtx-
5 ms (5% phenyl methyl siloxane) column (30 m×0.25 mm inner diameter, 0.25 mm film 
thickness). The injection volume was 1 µL. The oven temperature program was set as 
follows: initiated at 80°C, held for 2 min, then increased at the rate of 10 °C/min to 200 
°C and held for 2 min. The spectrometer was operated in the electron-impact (EI) mode, 
with the scan range of 40–500 amu and the ionization energy of 70 eV. Helium was used 
as a carrier gas at a flow rate of 1.0 mL/min. Eugenol from Sigma-Aldrich Corp. (St. 
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Louis, MO) was analyzed separately as an external standard to quantify eugenol content 
in cinnamon leaf oil based on peak areas. The mean value was calculated from duplicate 
assays. 
2.3.9. Data and statistical analyses 
To determine the MICs, at least twice in triplicate experiments were conducted. For 
microbial survivability end-point analysis and microbial growth kinetics experiments, 
experiments were conducted at least twice in duplicate;  mean and standard deviation of 
replicates were reported. Data were analyzed with one way ANOVA Tukey’s test using 
SPSS 20 (IBM, Armonk, NY). 
2.4. Results and discussion 
2.4.1. MIC and MBC of LAE and essential oils when used alone 
 
MICs of individual antimicrobials are listed in Table 2.1. LAE showed the highest 
effectiveness on a concentration basis for inhibiting all bacteria. The MIC of LAE against 
L. monocytogenes and E. coli O157:H7 was 11.8 ppm which was similar to the 12.50 
ppm reported by Brandt et al. (2010). S. Enteritidis was more resistant with LAE, with 
MIC of 23.5 ppm. As for EO and EO components, thymol was more effective in 
inhibiting the bacteria than eugenol and cinnamon oil, which is also consistent with the 
literature (Gutierrez, Rodriguez, et al., 2008; Olasupo et al., 2003). The MIC of thymol 
against L. monocytogenes was 187.5 ppm. Similar reports found that 200 (Gutierrez, 
Barry-Ryan, et al., 2008) or 250 ppm thymol (Falcone et al., 2007) inhibited L. 
monocytogenes IL323 or L. monocytogenes isolated from poultry, respectively. The small 
variations can be due to differences in test strains and dilution schemes. The MIC of 
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thymol was 93.8 and 187.5 ppm against E. coli O157:H7 and S. Enteritidis, respectively. 
The MIC was identical (750 ppm) for eugenol and cinnamon leaf oil against all three 
bacteria. This concentration was higher than the MIC of 400 ppm for cinnamon leaf oil 
(with 77% eugenol) reported by Cava et al. (2007) for L. monocytogenes Scott A in TSB. 
The MBC of the antimicrobials was similar to the MIC against E. coli O157:H7 and S. 
Enteritidis but was twice of the MIC for L. monocytogenes (Table 2.1). 
Some studies have suggested that complete EOs may have a greater antimicrobial effect 
than a mixture of major components (Gill et al., 2002; Mourey and Canillac, 2002), 
because the minor components of the EOs may play a key role in the antimicrobial 
activity and possibly enable synergism (Burt, 2004). In the present study, cinnamon leaf 
oil had 80.1% eugenol according to GC-MS (Fig. 2.1) but the MIC and MBC of eugenol 
and cinnamon leaf oil were identical in inhibiting the growth of L. monocytogenes and 
the two Gram-negative bacteria. Thus, our data confirm that eugenol is a major 
antimicrobial component in cinnamon leaf oil and other minor components contributed 
less than eugenol to the antimicrobial activity of cinnamon leaf oil under the studied 
conditions. 
2.4.2. Interaction of antimicrobials 
The FICIs were calculated based on the checkerboard method results and are presented in 
Table 2.2. The combination of LAE and cinnamon oil or eugenol showed synergistic 
activity in inhibiting L. monocytogenes, with FICIs being 0.87 and 0.94, respectively. 
However, LAE combined with thymol showed only an additive effect, with an FICI of 
1.01. Conversely, all combinations showed antagonistic effects for inhibition of the 
Gram-negative E. coli O157:H7 and S. Enteritidis, with FICIs > 1. This result probably 
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could explain what Dr. Gaysinsky had reported--incorporated with 1mM mixtures of 
LAE and nonionic surfactant T-Maz® 80K (TM) at ratio 1:5, only 3mM eugenol was 
needed to inhibit the growth of L.monocytogenes, while 7mM eugenol was needed to 
inhibit the growth of gram-negative bacteria E. coli O157:H7 ; when used alone, 
reversely, more eugenol was needed for inhibition of L. monocytogenes (20mM) than E. 
coli O157:H7 (15mM) (Gaysinsky, 2007). Thus, LAE and eugenol here may show 
synergistic effect in inhibiting L. monocytogenes as well.   
Some studies have proposed mechanisms for the interaction of antimicrobials against 
microorganisms. For example, the synergistic combination of thymol and nisin Z against 
L. monocytogenes and Bacillus subtilis was attributed to an altered permeability and 
structure of the cytoplasmic membrane and thus a dissipation of intracellular metabolites 
(Ettayebi et al., 2006). The cationic LAE may bind the negatively charged cell membrane 
and cause structural changes and even disruption (Rodríguez et al., 2004). For Gram-
positive bacteria, the initial action of LAE may facilitate other antimicrobial mechanisms 
of EOs, which enables synergistic effects. Conversely, antagonistic effects may be due to 
LAE binding on the lipopolysaccharide-rich outer membrane, which increases the 
thickness and robustness of the cell wall of Gram-negative bacteria and thus restricts the 
diffusion of hydrophobic EOs (Ratledge and Wilkinson, 1988; Vaara, 1992). 
2.4.3. Impacts of beef extract and soluble starch on antimicrobial properties of LAE 
Beef extract and soluble potato starch were used to represent the effect of hydrolyzed 
protein (Becton, Dickinson and Co.,, 2013) and polysaccharides (Gutierrez, Barry-Ryan, 
et al., 2008) on antimicrobial activity. MIC and MBC of LAE were not significantly 
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affected by addition of 2-10% w/v beef extract in TSB, while MIC and MBC in the 
presence of soluble potato starch increased significantly (Table 2.3). 
Starch has been reported to interact with small molecular weight preservatives such as 
sorbic, benzoic and p-benzoic acids (Ofman et al., 2004) and can diminish the 
antimicrobial activity of fatty acids (Ababouch et al., 1994; Ababouch et al., 1992). A 
similar negative effect of starch on the antimicrobial activity of EOs has been reported by 
Gutierrez et al. (2008). Devlieghere et al. (2004) reported that 30% w/v soluble starch 
reduced the antimicrobial activity of positively charged chitosan which was explained as 
either a protective effect by the starch or a potential electrostatic interaction with charge-
modified starch. In the present study, since the starch was not charged, reduced 
antimicrobial activity of LAE could have resulted from the increased viscosity which 
limited access of LAE to L. monocytogenes.  
The addition of beef extract showed no significant effect on the MIC of LAE. This was in 
contrast to the findings of Gutierrez et al. (2008) who showed enhanced efficacy of 
oregano and thyme against L. monocytogenes in the presence of beef extract. This may be 
due to the difference in physical properties of LAE and EO. Peptone, the major 
component of beef extract can facilitate the dissolution of hydrophobic EO in the medium 
(Gutierrez, Barry-Ryan, et al., 2008) but not the hydrophilic LAE. At pH 7, most proteins 
are negatively charged, which may significantly affect the antimicrobial activity of 
cationic LAE. However, the total protein content of beef extract was 0.48% w/w which 
may be too low to cause significant influence on LAE activity. The MBC of LAE 
increased only one fold at all concentrations of beef extract suggesting limited effects of 
the beef extract on lethality of LAE. 
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2.4.4. Antilisterial activities in 2% reduced fat milk 
It has been repeatedly observed that higher concentrations of antimicrobials are required 
in food systems to inhibit microorganisms than in growth media (Burt, 2004; Karatzas et 
al., 2002; Shelef et al., 2006; Soni et al., 2010). Log reductions of L. monocytogenes in 
2% reduced fat milk by different levels of individual antimicrobials are presented in 
Table 4. Around 6000 ppm of EO or 750 ppm LAE was needed to reduce L. 
monocytogenes to undetectable levels which was several times higher than the 
corresponding MBC in TSB (Table 2.1). At 3000 ppm of the EOs (2 or 4 times of MBC 
in TSB), no significant antilisterial effect was observed. Differences in EO levels 
required to inhibit bacteria in growth media and foods have been attributed to the reduced 
availability of antimicrobials due to binding EO with hydrophobic food components 
(Bonnaud et al., 2010; Glass and Johnson, 2004) and the faster reparation of injured 
bacteria cells in foods rich in nutrients (Gill et al., 2002). For LAE, the interaction with 
milk fat may have occurred, as observed for other antimicrobials with hydrophilic and 
hydrophobic moieties (Branen and Davidson, 2004; Wang and Johnson, 1992). Besides, 
no significant differences between the antilisterial effects of thymol and eugnol were 
found at all the levels tested (3000-6000 ppm, P > 0.05) in 2% reduced fat milk. Eugenol 
was slightly more effective than cinnamon leaf oil at 3000-5000 ppm (P < 0.05). The 
differences may be due to the lower eugenol concentration in cinnamon leaf oil than pure 
eugenol when both were used at same mass concentrations, which further confirmed that 
eugenol was the major active compound in cinnamon leaf oil. 
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2.4.5. Growth curves of bacteria treated with individual and combinational 
antimicrobials 
Growth curves of L. monocytogenes, E. coli O157:H7 and S. Enteritidis in 2% reduced fat 
milk with LAE and EOs alone and in combination were studied during 48 h incubation at 
21°C. Results are shown in Figure 2.2, 2.3, and 2.4 for L. monocytogenes, E. coli 
O157:H7 and S. Enteritidis, respectively. At the studied conditions, synergistic 
antilisterial activity was observed when combining EO with LAE, with the combination 
of thymol and LAE being the most efficient (Fig. 2.2C). For E. coli O157:H7 (Fig. 2.3), 
combinations were less effective than antimicrobials used alone, and LAE was not as 
effective as EO. The most effective EO was eugenol followed by cinnamon oil and 
thymol. Results of S. Enteritidis (Fig. 2.4) were similar to those of E. coli O157:H7, 
except that thymol was more effective than cinnamon oil. The potential difference of 
LAE activity when used in combination with EO against bacteria was discussed 
previously, the differences of outer cell membrane structure between Gram-positive and 
Gram-negative bacteria may play a key role. The antimicrobial effects of combinations of 
LAE and EO in 2% reduced fat milk generally agree with FICI results (Table 2.2) with 
the exception of the antilisterial effect of LAE combined with thymol that appeared to 
show synergism in milk but additive activity in TSB.  
When comparing Table 2.4 with Fig. 2.2, the log reductions of L. monocytogenes caused 
by 750 ppm LAE or 6000 ppm EO in microbial kinetics assay were much lower after 24 
h (Fig.2.2) than the results from microbial survivability end-point analysis (Table 2.4). 
Given that different incubation temperatures were used in these two experiments (21 vs. 
32°C), the lower antilisterial activities at the lower temperature may be due to the lower 
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diffusion rate or binding rate of antimicrobials  (Diver et al., 1990). The lower growth 
rate of bacteria at lower temperatures can also make them less susceptible to 
antimicrobials, if antimicrobials are targeting some enzymes (Martinsen et al., 1992). 
Higher activities of antimicrobials at higher temperatures were reported previously 
(Mackowiak et al., 1982; Martinsen et al., 1992; Sorrells et al., 1989). 
2.5. Conclusions 
In conclusion, LAE was the most effective among the antimicrobials in inhibiting the 
three bacteria tested in vitro in this study. Combinations of LAE with cinnamon leaf oil 
and its major component eugenol were found to be synergetic in inhibiting the Gram-
positive bacteria L. monocytogenes. This permits the applications of low amounts of 
antimicrobials to reduce negative flavors or quality of the food products, e.g., the bitter 
taste of LAE (Bonnaud et al., 2010). However, combinations reported in this study, 
showing antagonistic antimicrobial activities against Gram-negative bacteria such as E. 
coli O157:H7 and S. Enteritidis, should not be used. Food components differ in their 
interference on antimicrobial activities, but significantly higher levels of antimicrobials 
are required to obtain similar inhibition in foods than in growth media. Thus, sensory 
evaluation of LAE may need to be further studied in food system, since relatively higher 
amount of LAE was needed. EOs used in the study may be able to mask the taste. To 
ensure microbiological safety, the antimicrobials, used individually or in combination, 
must still be analyzed to determine the influence of factors such as refrigeration, abuse 
temperatures, pH, ionic strength, and food matrices of the intended applications.  
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Appendix 
Table 2.1.  Minimum inhibitory concentrations (MICs) and minimum bactericidal 
concentrations (MBCs) of various antimicrobials against Listeria monocytogenes (LM), 
Escherichia coli O157:H7 (EC) and Salmonella Enteritidis (SE) in Tryptic Soy Broth at 
32°C (LM) or 37°C (EC and SE) a. 
Bacteria 





















LM 187.5 750 11.8 750 375 1500 23.5 1500 
EC 93.8 750 11.8 750 93.8 750 11.8 750 
SE 187.5 750 23.5 750 187.5 750 23.5 750 
a MICs were the lowest antimicrobial concentrations corresponding to an optical density 
change at 630 nm (∆OD630nm) of <0.05 after 24 h incubation at 32°C (LM) or 37°C (EC 
and SE). MBCs were the lowest antimicrobial concentrations corresponding to at least a 3 
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Table 2.2. Fractional inhibitory concentrations indices (FICI, mean±standard deviation, 
n≥ 3) of lauric arginate (LAE) used in combination with essential oils against Listeria 




LAE + cinnamon 
oil 
LAE + eugenol LAE + thymol 
L. 
monocytogenes 
32 0.87±0.04 (S)b 0.94±0.05 (S) 1.01±0.05 (A) 
E. coli 
O157:H7 
37 1.15±0.09 (AN) 1.24±0.15 (AN) 
1.23±0.09 
(AN) 
S. Enteritidis 37 1.22±0.05 (AN) 1.22±0.05 (AN) 
1.17±0.12 
(AN) 
a FIC value was calculated by dividing MIC of an antimicrobial when used in 
combination by MIC of the antimicrobial when used alone. FICI  was the sum of FIC 
values from antimicrobials A and B. 
b The antimicrobial effect of combinations was synergistic (S, FICI<1), additive (A, 
FICI=1), or antagonistic (AN, FICI>1).  
	   64	  
Table 2.3. Minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) of lauric arginate (LAE) against Listeria monocytogenes in 
microbiological media with added beef extract or soluble starch at 32°Ca. 
Media MIC (ppm) MBC (ppm) 
TSB 11.8 11.8 
TSB + 2% beef extract 11.8 23.5 
TSB + 5% beef extract 11.8 23.5 
TSB + 10% beef extract 11.8 23.5 
TSB + 2% soluble starch 93.8 187.5 
TSB + 5% soluble starch 187.5 375 
a MICs were the lowest antimicrobial concentrations corresponding to an optical density 
change at 630 nm (∆OD630nm) of <0.05 after 24 h incubation at 32°C (LM). MBCs were 
the lowest antimicrobial concentrations corresponding to at least a 3 log reduction of 
viable cells.  
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Table 2.4. Log reduction of Listeria monocytogenes Scott A (initial count of 7.31 log 
CFU/mL) in 2% reduced fat milk at 32°C after 24 h. Numbers are mean ± standard 
deviation (n=4). 
Antimicrobial  Concentration 
(ppm) 
Log reduction 
Cinnamon oil 3000 -0.14 ± 0.15 a* 
 4000 1.93 ± 0.19 b 
 5000 3.56 ± 0.51 c 
 6000 6.20 ± 0.10 d 
Eugenol  3000 0.69 ± 0.09 e 
 4000 2.77 ± 0.57 f 
 5000 4.75 ± 0.38 g 
 6000 6.20 ± 0.10 d 
Thymol  3000 0.79 ± 0.24 e 
 4000 2.61 ± 0.06 f 
 5000 4.76 ± 0.34 g 
 6000 6.20 ± 0.10 d 
Lauric arginate 375 1.02 ± 0.06 e 
 750 6.20 ± 0.10 d 
* Different letters showed statistical differences (P<0.05).  













Figure 2.1. Gas chromatograms of (A) cinnamon leaf oil and (B) eugenol with a purity of 
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Figure 2.2. Effects of lauric arginate (LAE) alone or in combination with essential oils 
(EO) on the growth of Listeria monocytogenes in 2% reduced fat milk at room 
temperature (21°C): (A) cinnamon leaf oil, (B) eugenol, and (C) thymol. Diamonds: 
control without antimicrobials; squares: EO only; triangles: LAE only; circles: LAE and 
EO. The concentrations of EO and LAE were 6000 and 750 ppm, respectively, when 
used individually or 3000 and 375 ppm, respectively, when used in combination. Error 
bars are standard deviations from 2 replicates. 
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Figure 2.2. continued 
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Figure 2.3. Effects of lauric arginate (LAE) alone or in combination with essential oils 
(EO) on the growth of Escherichia coli O157:H7 ATCC 43895 in 2% reduced fat milk at 
room temperature (21°C): (A) cinnamon leaf oil, (B) eugenol, and (C) thymol. 
Diamonds: control without antimicrobials; squares: EO only; triangles: LAE only; 
circles: LAE and EO. The concentrations of cinnamon leaf oil, eugenol, thymol and LAE 
were 5000, 5000, 4000 and 750 ppm, respectively, when used individually or 2500, 2500, 
2000 and 375 ppm, respectively, when used in combination. Error bars are standard 




















	   73	  
 






	   74	  
 













	   75	  
Figure 2.4. Effects of lauric arginate (LAE) alone or in combination with essential oils 
(EO) on the growth of Salmonella Enteritidis in 2% reduced fat milk at room temperature 
(21°C): (A) cinnamon leaf oil, (B) eugenol, and (C) thymol. Diamonds: control without 
antimicrobials; squares: EO only; triangles: LAE only; circles: LAE and EO. The 
concentrations of cinnamon leaf oil, eugenol, thymol and LAE were 5000, 5000, 4000 
and 750 ppm, respectively, when used individually or 2500, 2500, 2000 and 375 ppm, 
respectively, when used in combination. Error bars are standard deviations from 2 
replicates.
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3.1. Abstract 
The combination of lauric arginate (LAE) and essential oil has a synergistic and 
antagonistic antimicrobial activity against Gram-positive and Gram-negative bacteria, 
respectively. The objective of this work was to study if ethylenediaminetetraacetate 
(EDTA) could overcome the antagonistic antimicrobial activity of the combination of 
LAE and cinnamon oil (CO) against two Gram-negative bacteria and improve the 
antimicrobial activity against a Gram-positive bacteria, and the possible mechanisms. In 
the presence of 500 ppm of EDTA, 5 ppm of LAE and 200 ppm of CO showed an 
increased log reductions of Escherichia coli O157: H7, Salmonella Enteritidis, and 
Listeria monocytogenes of ca. 4, 5 and 1 logs, respectively. 500 ppm of EDTA 
significantly increased the permeability of outer membrane of E. coli O157: H7 based on 
a crystal violet assay. Scanning electron microscopy showed that 600 ppm CO damaged 
the cell membrane of S. Enteritidis, while 40 ppm LAE did not. Atomic force microscopy 
demonstrated that LAE caused the aggregation of DNA molecules, while 100 ppm CO 
had no impact. It was hypothesized that EDTA increased the permeability of the outer 
membrane of Gram-negative bacteria to facilitate the penetration of LAE and CO 
enabling enhanced antimicrobial activity. Compared to treatment with LAE or CO alone, 
severe damage of L. monocytogenes membrane occurred with LAE and CO in 
combination based on scanning electron microscopy (SEM), loss of intracellular material 
(increase in absorbance at 260 nm), and increase of extracellular ATP level. This 
suggested LAE and CO acted synergistically on L. monocytogenes cell membranes, 
which may be the major mechanism for lethality of L. monocytogenes.  
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Keywords: lauric arginate, cinnamon oil, EDTA, synergistic antimicrobial activity, 
mechanism. 
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3.2. Introduction 
Lauric arginate (ethyl-Nα-lauroyl-L-arginine ethylester monohydrochloride; LAE) is 
approved by the United States Food and Drug Administration as a generally recognized 
as safe preservative (USDA, 2005). It is a cationic surfactant derived from lauric acid, L-
arginine and ethanol (Ruckman, Rocabayera, Borzelleca, & Sandusky, 2004). LAE has 
been shown to be non-toxic to human because it is metabolized rapidly in vivo to lauric 
acid and arginine, which are naturally occurring dietary components (Hawkins, 
Rocabayera, Ruckman, Segret, & Shaw, 2009). LAE has a broad antimicrobial spectrum 
and a minimum inhibitory concentration (MIC) of LAE against 6 log CFU/mL Listeria 
monocytogenes Scott A is as low as 11.8 ppm in tryptic soy broth (TSB) at 32°C (Ma, 
Davidson, & Zhong, 2013). However, a much higher amount of LAE is needed in 
complex food matrices due to its interaction with negatively charged food components 
(Bonnaud, Weiss, & McClements, 2010; Ma et al., 2013). Because a high concentration 
of LAE can lead to a bitter taste, strategies are needed to lower the LAE level used in 
food products.  
Combinations of natural antimicrobials with synergistic antimicrobial effects are a 
possible way to lower the concentration of each antimicrobial needed in the food matrix 
(Ma et al., 2013; Noll, Prichard, Khaykin, Sinko, & Chikindas, 2012; Techathuvanan, 
Reyes, David, & Davidson, 2014). Essential oils (EOs) have gained a lot of attention for 
possible use as natural antimicrobial preservatives in recent years (Chen, Zhang, & 
Zhong, 2015; Elgayyar, Draughon, Golden, & Mount, 2001; Pan, Chen, Davidson, & 
Zhong, 2014). EOs have a broad spectrum of antimicrobial activity but, due to binding 
with hydrophobic components, are needed at high concentrations in complex food 
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products to enable sufficient inhibition of foodborne pathogens. Lowering the amount of 
EOs used in the food products is also desired since high concentrations of EOs affect 
sensory quality of food products. Previously, a synergistic effect against the Gram-
positive bacteria L. monocytogenes was found when combining LAE and cinnamon leaf 
oil or eugenol, while the combination was antagonistic against Gram-negative 
Escherichia coli O157:H7 and Salmonella Enteritidis (Ma et al., 2013).  
The major difference between Gram-negative and Gram-positive bacteria is that the 
lipopolysaccharide (LPS) outer membrane of Gram-negative bacteria can protect against 
the penetration of antimicrobial compounds, especially hydrophobic compounds, while 
Gram-positive bacteria do not have an outer membrane (Bladen & Mergenhagen, 1964). 
Ethylenediaminetetraacetic acid (EDTA) can chelate divalent cations that are critical to 
the ordered structure of LPS outer membrane of Gram-negative bacteria (Nikaido, 2003; 
Ruiz, Kahne, & Silhavy, 2009), which increases the permeability of the outer membrane 
(Vaara, 1992). Studies have been shown that EDTA can enhance activities of nisin, 
lysozyme, and monolaurin (Branen & Davidson, 2004). Therefore, we hypothesize that 
EDTA could overcome the antagonistic effect of LAE-EO combination against Gram-
negative bacteria. 
The objective of the present study was to test antimicrobial activities of the combinations 
of LAE, cinnamon oil (CO), and EDTA against both Gram-positive and Gram-negative 
bacteria. Possible mechanisms for the enhancement of activity by EDTA and/or 
interactions among antimicrobials investigated included disruption of the cell membrane 
using the crystal violet assay (Devi, Nisha, Sakthivel, & Pandian, 2010), loss of 
intracellular nucleic acids using absorption at 260 nm (Diao, Hu, Zhang, & Xu, 2014) , 
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and loss of ATP as well as observation of cell morphology using scanning electron 
microscopy (SEM). Interaction of antimicrobials and bacterial DNA was also 
investigated using UV-vis spectroscopy and atomic force microscopy (AFM).    
3.3. Materials and Methods 
3.3.1. Materials 
LAE with a brand name of Mirenat-TT was provided by Vedeqsa Inc. (New York, NY). 
The commercial product contained 15.5% w/w LAE. CO and EDTA were purchased 
from Sigma-Aldrich Corp. (St. Louis, MO).  
3.3.2. Bacterial culture 
L. monocytogenes Scott A, E. coli O157:H7 ATCC43895, and S. Enteritidis were used in 
the present study. All strains were from Department of Food Science and Technology at 
University of Tennessee in Knoxville. Strains were stored in sterile 20% glycerol at -
20°C and transferred at least 2 times in TSB for E. coli O157:H7 and S. Enteritidis or in 
TSB supplemented with yeast extract (TSBYE) for L. monocytogenes before testing. 
Unless stated otherwise, L. monocytogenes Scott A was incubated at 32°C, while E. coli 
O157:H7 ATCC43895 and S. Enteritidis were incubated at 37°C. 
3.3.3. Microbial growth kinetics in tryptic soy broth 
Growth curves of bacteria were determined in 96-well microtiter plates using a 
spectrophotometric plate reader (Synergy HT MultiMode Microplate Reader, BioTek, 
Winooski, VT). 120 µL of culture with ca. 107 CFU/mL bacteria and 120 µL of an 
antimicrobial solution were added into each well. The optical density (OD) at 600 nm 
was automatically recorded at an interval of 30 min during incubation at 37°C (for S. 
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Enteritis and E. coli O157:H7) or 35°C (for L. monocytogenes Scott A) for up to 12 h. 
Stock solutions with 500 ppm LAE or 4% w/v EDTA were prepared in water and 
adjusted to pH 6.8 using 1.0 M NaOH or HCl. The stock solution of CO was prepared by 
dissolving 5% w/v CO in 90% aqueous ethanol. The same ethanol concentration as in CO 
sample was used as an ethanol control, while wells without antimicrobial were treated as 
positive controls. Concentrations of antimicrobials used in inhibiting S. Enteritidis and E. 
coli O157:H7 were 5 ppm LAE, 500 ppm EDTA, and 200 ppm CO, while those used 
against L. monocytogenes Scott A were 2.5 ppm LAE, 100 ppm EDTA, and 100 ppm 
CO. Experiments were performed in triplicate.  
3.3.4. Microbial survivability end-point analysis in tryptic soy broth 
To confirm the antimicrobial effect of the antimicrobials alone or in combination, viable 
bacterial cells were enumerated after treatments. 5 ppm of LAE, 200 ppm CO, and 500 
ppm EDTA were added alone or in combination in TSB. One mL culture with ca. 107 
CFU/mL L. monocytogenes Scott A, S. Enteritidis or E. coli O157:H7 was added to 9 mL 
TSB containing antimicrobials at the above concentrations to obtain a bacterial 
population of ca. 106 CFU/mL. After incubating the mixtures at 32 °C (for L. 
monocytogenes) or 37 °C (for S. Enteritidis and E. coli O157:H7) for 2 h, viable bacteria 
were enumerated using surface plating on tryptic soy agar (TSA) for S. Enteritidis and 
E.coli O157:H7 or TSA supplemented with yeast extract (TSAYE) for L. monocytogenes. 
The detection limit was 1 log CFU/mL. The experiments were done in triplicate 
3.3.5. Crystal violet assay 
Alteration in outer membrane permeability was detected by the crystal violet assay (Devi 
et al., 2010). Suspensions of bacteria in TSB were harvested by centrifugation at 6,700 
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×g for 5 min at 21°C (Sorvall Legend 23R, Thermal Scientific, Waltham, MA). The 
pellets were washed twice with and resuspended in 10 mM phosphate-buffered saline 
(PBS, pH 7.4). Antimicrobials were added into the suspension and incubated at 37°C (for 
S. Enteritidis and E. coli O157:H7) or 32°C (for L. monocytogenes) for 2 h. Cells without 
treatment were used as control. After treatment, the cells were harvested at 6,700 ×g for 5 
min and resuspended in PBS (10 mM, pH 7.4) containing 10 µg/mL of crystal violet. 
After incubating for another 15 min, the suspensions were centrifuged at 13,000 ×g for 
15 min and the absorbance of the cell free supernatant was measured at 590 nm (Synergy 
HT MultiMode Microplate Reader). The uptake% of crystal violet was calculated using 
Eq. (1): 
𝑈𝑝𝑡𝑎𝑘𝑒 % = (1− !"#  !"#$%  !"  !"#$%&'&(
!"#  !"#$%  !"  !!!  !"#$%&'  !"#$%&  !"#$%&"'
)×100%          (1) 
3.3.6. Nucleic acid released from bacteria cells 
The release of cellular nucleic acids was detected by measuring the absorbance at 260 nm 
(Diao, Hu, Zhang, & Xu, 2014) of cells treated with antimicrobials. Bacteria were 
incubated overnight at 37°C (for S. Enteritidis and E. coli O157:H7) or 32°C (for L. 
monocytogenes) and washed twice in Tris-HCl buffer (10 mM, pH 7.2). After 
centrifugation at 10,000 ×g for 5 min at 20°C, 1 mL cell suspension with ca. 1010 
CFU/mL bacteria cells was incubated with 10 ppm LAE, 1,000 ppm EDTA, and 400 ppm 
CO alone or in combination at 37°C (for S. Enteritidis and E. coli O157:H7) or 32°C (for 
L. monocytogenes) for 3 h. Cells were then centrifuged at 13,000 ×g for 15 min, and the 
absorbance of the supernatant was measured at 260 nm using a UV-Vis 
spectrophotometer (model Evolution 201, Thermo Scientific, Waltham, MA). The net 
increase of absorbance due to antimicrobial treatments was obtained after subtracting the 
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absorbance of supernatants collected from suspensions with same concentrations of 
bacteria and antimicrobials without incubation. Measurement was done in triplicate.  
3.3.7. Extracellular adenosine triphosphate (ATP) level 
Bacteria were concentrated by centrifugation at 7,500 ×g for 3 min at 25°C, washed twice 
with and then resuspended in PBS (10 mM, pH 7.4) and 1 mL (ca. ~ 109 CFU/mL) 
treated with 5 ppm LAE, 500 ppm EDTA and 200 ppm CO alone or in combination and 
incubated at 37°C (for E.coli O157:H7 and S. Enteritidis) or 32°C (for L. monocytogenes) 
for 30 min. Then, bacteria were centrifuged at 7,500 ×g for 4 min and the supernatants 
were collected and immediately placed to an ice bath to prevent ATP loss. The Enliten™ 
ATP assay system with bioluminescence detection kit (Promega Corp., Madison, WI) 
was used for ATP assay. The rL/L reagent was rehydrated in the reconstitution buffer and 
incubated at room temperature (21°C) for 1 h before use. 10 mL of a sample and 100 mL 
of a reagent solution were added into wells of a 96-well microtiter plate, and the 
luminescence values were determined with a luminescence plate reader (BioTek). A 
standard curve was made to quantify the ATP concentration in bacterial suspensions. 
Each treatment was measured in duplicate. 
3.3.8. Cell morphology studied with scanning electron microscopy (SEM) 
SEM was used to study the morphology of bacterial cells after treatment with 
antimicrobials. Bacterial cells were collected at 7,500 ×g for 4 min after 24 h incubation 
at 37°C (for S. Enteritidis and E. coli O157:H7) or 32°C (for L. monocytogenes). After 
washing twice with and resuspension in PBS (10 mM, pH 7.4), 40 ppm LAE, 1,000 ppm 
EDTA, and 600 ppm CO alone or in combinations were added to a 1 mL suspension with 
1010 CFU/mL of cells and incubated at 37°C (for S. Enteritidis and E. coli O157:H7) or 
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32°C (for L. monocytogenes) for 2 h. Cells were re-washed, and pre- and post-fixed using 
3% glutaraldehyde and 2% osmium tetroxide, respectively, for 1 h at room temperature 
(21°C). Subsequently, cells were gradually dehydrated using first 25%, then 50%, 75%, 
95% and 100% ethanol for 20 min at each concentration. The dehydrated cells were 
placed on a silicon wafer, coated with gold, and imaged using a LEO 1525 surface SEM 
(LEO Electron Microscopy, Oberkochen, Germany). Viable bacteria cells after treatment 
with the antimicrobials for 2 h before fixation were also enumerated using the same 
method described in microbial survivability end-point analysis. 
3.3.9. Interaction of antimicrobials with bacteria DNA 
Extraction of DNA. The DNA of bacteria cells was extracted using a genomic DNA 
purification kit from Thermo Scientific (Waltham, WA). The purity of the extracted DNA 
was evaluated based on the ratio of absorbance at 260 and 280 nm, which was measured 
using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA) at 
room temperature (21°C). In our study, the absorbance ratio was about 1.82. 
Interaction between DNA and LAE studied using atomic force microscopy (AFM). LAE 
was added in to Tris-HCl (10mM, pH 7.2) buffer containing about 30 µg/mL DNA to 
reach a final LAE concentration of 10 or 50 ppm. The DNA-LAE mixture was incubated 
at room temperature (21°C) for 15 min and diluted 10 times with 10mM Tris-HCl buffer 
(pH 7.2). 10 µL of the diluted mixture was spread onto a freshly cleaved mica sheet 
mounted on a sample holder. After drying at room temperature for about 6 h, samples 
were imaged using a Multimode VIII nanoscope AFM (Bruker Corp., Santa Barbara, 
CA) operating in the tapping mode. All images were captured at a scanning speed of 1.78 
Hz. 
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Absorption spectra of antimicrobial-DNA mixture To specify the possible interactions of 
the antimicrobials with bacterial DNA, the extracted DNA was diluted using 10 mM 
Tris–HCl buffer (pH 7.2) to about 10 µg/mL and the 1% w/v LAE or 4% w/v CO stock 
solution was titrated into DNA solution gradually to reach LAE concentration of 0, 25, 50 
and 100 ppm and CO concentration of 0, 50, 100 ppm. The absorption spectra of the 
mixtures were determined in a 1 cm quartz cuvette from 200 to 400nm using a UV-Vis 
spectrophotometer (Evolution 201, Thermo Scientific, Waltham, MA).  
3.3.10. Statistical analysis 
Experiment data were analyzed using ANOVA Turkey’s test (SPSS 22, IBM, Armonk, 
NY) with a significant level of 5%. 
3.4. Results  
3.4.1. Microbial growth kinetics in tryptic soy broth 
Growth curves of bacteria measured at an OD of 600 nm are shown in Fig. 3.1. For E. 
coli O157:H7 ATCC 43895 (Fig. 3.1A), the treatment with a combination of LAE, 
EDTA and CO showed no growth over 12 h and had a significantly lower OD than other 
treatments except the one with a combination of LAE and EDTA (open circle hidden by 
the solid black circle, Fig.3.1A). For S. Enteritidis (Fig. 3.1B), the combination of LAE, 
EDTA and CO also prevented growth followed by the combinations of LAE and EDTA, 
and CO and EDTA. Similarly, the triple antimicrobial combination showed the highest 
efficiency inhibiting the growth of L. monocytogenes Scott A (Fig. 3.1C) although the 
bacterium did demonstrate growth with this treatment after 7-8 h. Overall, antimicrobial 
activities of the combination of LAE, EDTA and CO were significantly better than 
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treatments with double or single antimicrobials, which indicated potential of synergistic 
effect among LAE, EDTA and CO. 
3.4.2. Microbial survivability end-point analysis in tryptic soy broth 
To further evaluate the potential for enhanced antimicrobial activity by the triple 
combination, a test was done to determine the lethality of the treatments in TSB after 2 h 
exposure (Table 3.1). Log-reductions of Gram-negative bacteria in treatments with the 
combination of 5 ppm LAE, 500 ppm EDTA and 200 ppm CO were significantly greater 
than treatments with one or two compounds. After 2 h at 37°C, the triple combination 
resulted in a reductions of 4.70 and 5.01 log CFU/mL for E.coli O157: H7 and S. 
Enteritidis, respectively, which contrasted with no more than 0.91 log CFU/mL reduction 
for other treatments.  For the Gram-positive L. monocytogenes, a reduction of about 1.7 
log CFU/mL was observed for the triple combination after 32°C for 2 h, which was also 
significantly greater than other treatments with a reductions of no more than 0.76 log 
CFU/mL. Also, a much higher reduction of L. monocytogenes was observed in the 
treatment of LAE and CO combination (0.76 log CFU/mL) compared to treatments of 
LAE (-0.31 log CFU/mL) or CO (-0.42 log CFU/mL) alone, which agreed with our 
previous report about the potential synergistic effect of LAE and EOs against L. 
monocytogenes (Ma et al., 2013). 
3.4.3. Membrane permeability  
To determine the potential mechanisms of the antimicrobials against the test bacterium, 
their influence of membrane permeability was determine using the crystal violet assay, 
loss of nucleic acids and loss of ATP. For the crystal violet assay, a higher uptake (% 
uptake) indicates greater membrane permeability (REFERENCE). Fig. 3.2A shows the 
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uptake% of crystal violet by E. coli O157:H7 after different treatments. The highest 
uptake% was observed in the treatment with EDTA (>70%) . A significantly higher 
uptake% for LAE+CO+EDTA (>70%) than other treatments with LAE+CO, CO and 
LAE showing significantly lower uptake%. There were no consistent differences detected 
among treatments for S. Enteritidis (Fig. 3.2B) and for L. monocytogenes, no significant 
differences of crystal violet uptake% were detected (Fig. 3.2C). 
To further detect the integrity of cell membranes after antimicrobial treatments, UV 
absorbing substances at 260 nm (A260) (nucleic acids) released from bacterial cells were 
measured in the supernatant after centrifugation of treated cell suspensions. As shown in 
Fig. 3.3, the treatment of LAE+CO and LAE+CO+EDTA (A260 > 0.500) demonstrated 
significantly higher release of cellular constituents from E. coli O157:H7, S. Enteritidis 
and L. monocytogenes than other treatments. 
As shown in Fig. 3.4A and similar to the results with UV-absorbing material leakage, 
extracellular ATP from L. monocytogenes in treatments LAE+CO and LAE+CO+EDTA 
was significantly higher than that in other treatments, while the addition of EDTA had no 
significant impact on the extracellular ATP level (p > 0.05). For S. Enteritidis (Fig. 3.4B), 
extracellular ATP was the highest in the treatment of LAE+CO (p < 0.05). Similarly, 
addition of EDTA did not increase the extracellular ATP (p > 0.05). 
3.4.4. Cell morphology after antimicrobial treatments 
Fig. 3.5 shows SEM images of S. Enteritidis cells after various treatments. Compared to 
the treatment with LAE or EDTA (Fig. 3.5A and B), a greater extent of disruption of 
bacteria cell membranes was observed for the treatment with 600 ppm CO (Fig. 3.5C). 
Based on inspection of about 50 cells on SEM images, ca. 10-20% cells were disrupted in 
	   92	  
the control group or treatments with LAE or EDTA alone, while more than 40% cells 
were disrupted in treatments with CO alone, the combination of LAE and CO, and the 
combination of LAE, CO and EDTA.  
For L. monocytogenes, < 10% of cells were damaged in untreated cells (Fig. 3.6F) or in 
treatment with LAE, EDTA or CO alone (Fig. 3.6 A,B and C), while about 20-30% of 
cells was damaged in treatments with combinations of LAE and CO or LAE, EDTA and 
CO (Fig. 3.6 D,E). Compared to log reduction results (Table 3.2), treatment with LAE, 
CO or EDTA alone did not cause large reduction of viable bacteria cells; only 0.10, 0.01 
and 0.08 log CFU/mL reduction of S. Enteritidis were detected in the treatments with 40 
ppm LAE, 1,000 ppm EDTA and 600 ppm CO, respectively. Treatment by combinations 
of LAE and CO or LAE, CO and EDTA resulted in significantly higher log reductions for  
S. Enteritidis of 1.43 or 1.71 log CFU/mL, respectively. Similarly, much higher log 
reductions (>6 log) of L. monocytogenes were observed in treatments with combinations 
of LAE and CO or LAE, CO and EDTA, while only an 0.84 log CFU/mL reduction was 
found with 40 ppm LAE, and no log reduction was observed in the treatments with the 
other two antimicrobials alone. 
3.4.5. Interaction between DNA and antimicrobials 
To test whether there was any binding between the antimicrobials and bacterial DNA, 
which may lead to the morphology change of DNA molecules, bacterial DNA 
morphology was observed using AFM before and after antimicrobial treatments. As 
shown in Fig. 3.7, DNA of L. monocytogenes and S. Enteritidis was regularly distributed. 
However, with the addition of 10 or 50 ppm LAE, DNA assembled to aggregated 
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structures (Fig. 3.7 B, C, E and F). Conversely, no significant differences were observed 
when same amounts of DNA were mixed with or 100 ppm CO (Fig. 3.7 G and H). 
To further confirm the interaction between antimicrobials and DNA, the absorption 
spectra of solutions with about 10 µg/mL of S. Enteritidis DNA were measured before 
and after the addition of antimicrobials. As shown in Fig. 8A, the absorbance of DNA 
centered on 260 nm increased as the addition of 50 ppm LAE; but negligible absorbance 
of LAE was detected at 260 nm. The absorbance peak of 100 ppm CO was at 280 nm and 
the absorbance at 280 nm was decreased after mixing CO with the DNA solution. 
3.5. Discussions 
3.5.1. Effects of antimicrobials on bacteria membrane structures 
The bacterial cell envelope is the first barrier for antimicrobial action and differs 
significantly between Gram-positive and Gram-negative bacteria. The envelope of Gram-
positive bacteria consists of an outer peptidoglycan cell wall and a cytoplasmic 
membrane, while that of Gram-negative bacteria is comprised of an outer LPS-containing 
membrane, a thin peptidoglycan layer, and the inner cytoplasmic membrane (Bladen & 
Mergenhagen, 1964; Kong, Chen, Xing, & Park, 2010). Gram-positive bacteria possess 
relatively porous hydrophilic cell wall consisting of peptidoglycan linked with anionic 
compounds such as teichuronic acids, teichoic acids, and lipoteichoic acids (Navarre & 
Schneewind, 1999). This open network allows most antimicrobials such as phenols, 
alcohols, aldehydes to freely cross the cell wall (Lambert, 2002). Thus, Gram-positive 
bacteria are generally more sensitive to small molecular weight antimicrobials. For 
Gram-negative bacteria, the existence of an extra LPS-containing outer membrane slows 
or prevents diffusion of antimicrobials. The LPS is localized in the outer layer of the 
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outer membrane and, together with the phospholipid inner layer contributes to the 
structure of the asymmetric outer membrane (Kamio & Nikaido, 1976; Mühlradt & 
Golecki, 1975). Hydrophobic interactions between LPS molecules together with 
hydrogen bonds and ionic bridging by multivalent cations (Ca2+ and Mg2+) enable the low 
fluidity and impermeability of the outer membrane to large hydrophilic and small 
hydrophobic antimicrobials (Nikaido, 2003; Ruiz et al., 2009). 
EDTA is known to improve the permeability of LPS outer membrane because it chelates 
divalent Ca2+ and Mg2+ ions that are essential to the membrane stability (Hancock, 1984; 
Nikaido, 2003; Vaara, 1992). In the present study, increased membrane permeability, as 
measured by uptake% of crystal violet, was observed for E. coli O157:H7 cells to be the 
highest for EDTA alone followed by the LAE+CO treatment with EDTA (Fig. 3.2A). 
However, no significant difference was observed for same treatments with S. Enteritidis 
(Fig. 3.2B). The EDTA concentration (500 ppm) may not be sufficient to affect the 
membrane structure of S. Enteritidis compared to E. coli O157:H7 under the conditions 
studied (Table 3.1 and Fig. 3.1). Results in other study also showed that S. Enteritidis was 
more resistant to EDTA than E. coli O157:H7 (Branen & Davidson, 2004). As for L. 
monocytogenes, because of missing LPS outer membrane, EDTA with or without 
antimicrobials did not significantly impact crystal violet uptake% (Fig. 3.2C). 
The A260 was also measured as the amount of material released from bacteria as an 
indicator of the integrity of bacteria cytoplasmic membranes (Fig. 3.3). The A260 of E. 
coli O157:H7 after the 10 ppm LAE treatment was similar to the control without 
treatment, which indicated that 10 ppm LAE may not cause cell leakage. This could be 
due to the LAE concentration being lower than the 11.5 ppm minimum inhibitory 
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concentration (MIC) and minimum bactericidal concentration (MBC) of E. coli O157:H7 
(Ma et al., 2013). This may also result if the antimicrobial mechanism of LAE does not 
involving cell membrane disruption and leakage which was evident in the SEM images of 
S. Enteritidis or L. monocytogenes treated with 40 ppm LAE but not E. coli O157:H7. 40 
ppm LAE did have lethal effect on S. Enteritidis and L. monocytogenes cells (Table 3.2). 
The results in the present study agreed with some previous studies. Disruption of cell 
membranes but no cell lysis of the Gram-negative S. Typhimurium and Gram-positive 
Staphylococcus aureus after LAE treatment was observed based on transmission electron 
microscopy (TEM) images (Rodriguez, Seguer, Rocabayera, & Manresa, 2004). 
Similarly, no cell lysis of E. coli O157:H7 or L. monocytogenes by LAE was detected 
based on SEM and TEM images (Pattanayaiying, Aran, & Cutter, 2014). 
Extracellular ATP of S. Enteritidis was the highest in the treatment of LAE+CO. 
Interestingly, lower extracellular ATP was detected in the treatment of LAE+CO+EDTA 
(Fig. 4B). One possible explanation for this may be found in a study by Gill & Holley 
(2014). They showed that EOs inhibit ATP generation in bacteria cells. Addition of 
EDTA may increase permeability of the outer membrane of S. Enteritidis thus facilitating 
penetration of LAE+CO. With greater penetration of LAE and CO, the generation of 
cellular ATP may be inhibited which would lead to lower extracellular ATP detected.  
 
When treated by 600 ppm CO, severe damage of S. Enteritidis cells was observed (Fig. 
3.5), although only 0.08 log CFU/mL reduction of S. Enteritidis could be detected (Table 
3.2), which indicates the main target of CO is the cell membrane. Similar results have 
been reported for the bactericidal action of EOs against Gram-negative and Gram-
	   96	  
positive bacteria analyzed using the crystal violet assay, SEM, and AFM (Bajpai, 
Sharma, & Baek, 2013; Devi et al., 2010; Lv, Liang, Yuan, & Li, 2011; Oussalah, Caillet, 
& Lacroix, 2006; Rhayour, Bouchikhi, Tantaoui-Elaraki, Sendide, & Remmal, 2003). 
However, at this level of CO, no severe damage of cell morphology was observed for L. 
monocytogenes (Fig. 3.5). This may have resulted from the greater resistance of L. 
monocytogenes to CO as reported previously (Ma et al., 2013).  
Compared to E. coli O157:H7 or S. Enteritidis treated with LAE or CO alone, A260 of the 
treatment of LAE+CO was significantly higher and was nearly equivalent to the sum of 
treatments with LAE and CO alone. Since the total antimicrobial concentration was 
higher in the combination of LAE+CO, A260 values suggest the additive effects of the two 
antimicrobials in releasing intra-cellular materials from E. coli O157:H7 and S. 
Enteritidis.  For L. monocytogenes, A260 of the LAE+CO treatment was significantly 
higher than the sum of LAE and CO alone treatments, which agreed with the potential 
synergistic antilisterial effect of LAE and CO as reported in a previous study (Ma et al., 
2013). This also suggests that the disruption of cytoplasmic membrane by the 
combination of LAE and CO may be the major mechanism for lethality of L. 
monocytogenes, which was further confirmed by SEM (Fig. 7) and extracellular ATP 
results (Fig. 3.4). 
3.5.2. Binding between DNA and antimicrobials 
DNA has a negatively charged phosphate backbone and cationic surfactant is known to 
interact with DNA molecules through electrostatic attraction and hydrophobic interaction, 
causing precipitation of DNA (Bathaie, Moosavi-Movahedi, & Saboury, 1999; 
Bhattacharya & Mandal, 1997; Ishaq, Wolf, & Ritter, 1990). Strong interaction of 
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positively charged LAE and bacteria DNA was also shown in our study (Fig. 3.7 and 
3.8); assembled DNA could be observed in the presence of 10 ppm LAE (Fig.3.8), which 
suggested that DNA was an intracellular target for LAE bactericidal action. Increased 
absorption of DNA at 260 nm after addition of 50 ppm LAE suggested the distortion of 
stacking interactions between nucleic acid base pairs and a significant change of DNA 
secondary structure after binding with LAE (Morrissey, Kudryashov, Dawson, & Buckin, 
1999). Decreased absorbance of CO at 280 nm indicated CO can intercalate into the 
double helix of DNA and change the native structure of DNA. One study showed that 
lipids can bind with DNA molecules through hydrophobic interaction (Matulis, Rouzina, 
& Bloomfield, 2002); CO is small hydrophobic molecule and thus, may be able to bind 
with DNA through hydrophobic interaction and influence the conformation of DNA 
molecules (Fig.3.8).  
3.6. Conclusions 
In	  the	  present	  study,	  enhanced	  antimicrobial	  activity	  of	  LAE	  and	  CO	  against	  Gram-­‐
negative	  bacteria	  was	  observed	  in	  the	  presence	  of	  EDTA	  which	  was	  in	  contrast	  a	  
normally	  antagonistic	  interaction	  for	  the	  pair.	  EDTA	  is	  suggested	  to	  improve	  the	  
permeability	  of	  the	  LPS	  outer	  membrane	  and	  enable	  greater	  penetration	  by	  LAE	  and	  
CO	  to	  the	  cytoplasmic	  membrane.	  The	  main	  target	  of	  CO	  is	  thought	  to	  be	  the	  
bacterial	  cell	  membrane	  with	  hydrophobic	  binding	  of	  DNA	  being	  another	  possible	  
mechanism.	  LAE	  did	  not	  cause	  lysis	  of	  cells	  but	  affected	  DNA	  structures	  by	  causing	  
them	  to	  aggregate	  through	  ionic	  bridging.	  Thus,	  it	  is	  hypothesized	  that	  EDTA	  
improved	  the	  permeability	  of	  outer	  membrane	  of	  Gram-­‐negative	  bacteria	  to	  
facilitate	  the	  penetration	  of	  LAE	  and	  CO	  which	  targeted	  the	  cytoplasmic	  membrane	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and	  intracellular	  structures	  to	  enable	  the	  enhanced	  antimicrobial	  activity.	  For	  the	  
gram-­‐positive	  bacteria	  L.	  monocytogenes,	  LAE	  and	  CO	  had	  synergistically	  
antimicrobial	  activity	  and	  caused	  severe	  damage	  of	  the	  cytoplasmic	  membrane,	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Appendix 
Table 3.1. Log reduction of Escherichia coli O157:H7 ATCC 43895 (initial count of 6.17 
log CFU/mL) and Salmonella Enteritidis (initial count of 6.23 log CFU/mL) at 37°C and 
Listeria monocytogenes Scott A (initial count of 6.41 log CFU/mL) at 32°C after 
treatment by 5 ppm lauric arginate (LAE), 200 ppm cinnamon oil (CO), and 500 ppm 
EDTA alone or their combination in tryptic soy broth for 2 h.  
Treatment (Conc. in ppm) 
Log reduction* 
E. coli O157:H7 S. Enteritidis 
L. 
monocytogenes 
LAE (5) -0.16±0.05c -0.60±0.18d -0.31±0.16c 
EDTA (500) -0.18±0.08c -0.51±0.15d -0.07±0.44bc 
CO (200) 0.03±0.05c -0.49±0.10d -0.42±0.51c 
LAE (5) + EDTA (500) 0.91±0.27b 0.34±0.18b 0.10±0.30bc 
CO (200) + EDTA (500) 0.44±0.11bc 0.07±0.17bc -0.06±0.16bc 
LAE (5) + CO  (200) 0.42±0.12bc -0.24±0.16cd 0.76±0.20b 
LAE (5) + CO  (200) + 
EDTA (500) 
4.70±0.53a 5.01±0.26a 1.71±0.08a 
 
*Numbers are mean ± standard deviation (n=3). Different superscript letters in each 
column indicate significant differences (p < 0.05)  
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Table 3.2. Log reduction of Salmonella Enteritidis (initial count of 10.06 log CFU/mL) at 
37°C and Listeria monocytogenes Scott A (initial count of 9.79 log CFU/mL) at 32°C 
after treatment by 40 ppm lauric arginate (LAE), 600 ppm cinnamon oil (CO), and 1,000 
ppm EDTA alone or their combination in PBS (10 mM, pH 7.4) for 2 h.  
Treatment 
Log reduction* 
S. Enteritidis L. monocytogenes 
LAE 0.10 ± 0.04b 0.84 ± 0.65b 
EDTA 0.01 ± 0.04b -0.01 ± 0.19b 
CO 0.08 ± 0.08b -0.03 ± 0.11b 
LAE+CO 1.43 ± 0.44a 6.19 ± 1.41a 
LAE+CO+EDTA 1.71 ± 0.33a 6.37 ± 1.19a 
*Numbers are mean ± standard deviation (n=6). Different superscript letters in each 
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Figure 3.1. Growth curves of (A) Escherichia coli O157:H7 ATCC 43895, and (B) 
Salmonella Enteritidis at 37°C and (C) Listeria monocytogenes Scott A at 35°C in tryptic 
soy broth. Treatments for E.coli O157:H7 and S. Enteritidis contained 5 ppm lauric 
arginate (LAE), 500 ppm EDTA, and 200 ppm cinnamon oil (CO) alone or in 
combinations. Treatments for L. monocytogenes contained 2.5 ppm lauric arginate 
(LAE), 100 ppm EDTA, and 100 ppm CO alone or in combination. 
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Figure 3.1. continued 
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Figure 3.2. Uptake% of crystal violet by (A) Escherichia coli O157:H7 ATCC 43895, (B) 
Salmonella Enteritidis, and (C) Listeria monocytogenes Scott A in 0.1 M PBS (pH 7.4) at 
37°C (for E.coli O157:H7 and S. Enteritidis) or 32°C (for L. monocytogenes) after 2 h 
treatment with 5ppm lauric arginate (LAE), 500 ppm EDTA, and 200 ppm cinnamon oil 
(CO) alone or in combinations. Errors are standard deviations (n =3). Different letters 
above bars indicate significant difference of treatments in the same plot.  
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Fig. 3.3. Absorbance at 260 nm (A260) of extracellular contents after treating (A) 
Escherichia coli O157:H7 ATCC 43895 and (B) Salmonella Enteritidis at 37°C, and (C) 
Listeria monocytogenes Scott A at 32°C in 10 mM Tris-HCl (pH 7.2) for 2 h with 10 
ppm lauric arginate (LAE), 1000 ppm EDTA, and 400 ppm cinnamon oil (CO) alone or 
in combinations. Errors are standard deviations (n =3). Different letters above bars 
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Figure 3.4. SEM images of Salmonella Enteritidis after treatment by (A) 40 ppm lauric 
arginate (LAE), (B) 1,000 ppm EDTA, (C) 600 ppm cinnamon oil (CO), (D) 40 ppm 
LAE+600 ppm CO, or (E) 40 ppm LAE+600 ppm CO+1,000 ppm EDTA at 37°C for 2 h, 
with comparison to the untreated sample (F). Bar = 1 µm. 
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Figure 3.5. SEM images of Listeria monocytogenes Scott A after treatment by (A) 40ppm 
lauric arginate (LAE), (B) 1,000 ppm EDTA, (C) 600 ppm cinnamon oil (CO), (D) 40 
ppm LAE+600 ppm CO, and (E) 40 ppm LAE+600 ppm CO+1,000 ppm EDTA, at 32°C 
for 2, h, with comparison to the untreated sample (F). Arrows indicated disrupted cells. 
Bar = 1 µm. 
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Figure 3.6. Luminescence showing extracellular ATP content of (A) Listeria 
monocytogenes Scott A at 37°C and (B) Salmonella Enteritidis at 32°C after 30 min 
incubation in tryptic soy broth with 5 ppm lauric arginate (LAE), 500 ppm EDTA, and 
200 ppm cinnamon oil (CO) alone or in combinations. 
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Figure 3.7. AFM images of Listeria monocytogenes Scott A (A-C, G) and Salmonella 
Enteritidis DNA (D-F, H) before (A and D) and after treatment by 10 ppm (B and E), 50 
ppm (C and F) LAE or 100 ppm cinnamon oil (G and H). Image dimensions are 10 µm 
×10 µm. 
   




Figure 3.8. Absorbance spectra of Salmonella Enteritidis DNA with the addition of (A) 
50 ppm lauric arginate (LAE) or (B) 100 ppm cinnamon oil (CO). 
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4.1. Abstract 
Lauric arginate (LAE) and cinnamon oil (CO) are efficacious antimicroibials, and their 
combination results in synergistic and antagonistic effects against Gram-positive and 
Gram-negative bacteria, respectively. We recently observed that the antagonistic effect 
can be overcome by ethylenediaminetetraacetate (EDTA). The objective of this work was 
to study physical and antimicrobial properties of chitosan films with LAE, CO, and 
EDTA. A significant increase in the thickness was detected after incorporating 
antimicrobials in chitosan films. The yellowness of films increased, while water 
solubility decreased as the concentration of CO increased.  Water vapor permeability of 
films was similar with or without antimicrobials. Incorporation of antimicrobials in 
chitosan films lowered the tensile strength but did not affect elongation%. Much larger 
inhibition zones of film discs with antimicrobials against foodborne pathogens were 
detected compared to that of chitosan film only. Overall, these novel antimicrobial films 
with LAE, CO, and EDTA showed great potential to improve the safety of food products. 
Keywords: Chitosan films; lauric arginate; cinnamon oil; EDTA; physical and 
antimicrobial properties 
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4.2. Introduction 
Antimicrobial films/coatings are potential intervention strategies to control foodborne 
pathogens contaminating food products (Chen et al., 2012; Higueras et al., 2013). Natural 
antimicrobials have received particular interest because they are perceived by consumers 
to be safe and healthy. Examples of natural antimicrobials include essential oils (EOs) 
which showed great antimicrobial activities, such as eugenol, cinnamon oil (CO) and 
thyme oil (Chen et al., 2015; Ma et al., 2013; Pan et al., 2014; Xue and Zhong, 2014). 
Therefore, antimicrobial films/coatings incorporated with natural EOs have been 
investigated by many researchers (Hosseini et al., 2009; Wang et al., 2011; Zivanovic et 
al., 2005). A coating solution consisting of 2% w/v chitosan and 1.5% v/v CO maintained 
the total viable aerobic bacterial counts on rainbow trout fillets below 6 log10 CFU/g over 
16-day storage at 4 ± 1 °C (Ojagh et al., 2010b). Coatings with 1% w/w chitosan and 3% 
w/w lemon oil significantly reduced the fungal decay percentage of strawberries stored at 
5°C after 3 days, when compared to that of uncoated strawberries (Perdones et al., 2012). 
Lauric arginate (ethyl-Nα-lauroyl-L-arginine ethyl ester monohydrochloride; LAE) is 
another effective antimicrobial that has been approved by the United States Food and 
Drug Administration as a generally-recognized-as-safe food additive (USDA, 2005). 
LAE is a cationic surfactant derived from lauric acid, L-arginine and ethanol, has a low 
toxicity (Ruckman et al., 2004), and is highly efficacious in inhibiting foodborne 
pathogens (Ma et al., 2013). The minimum inhibitory concentration (MIC) of LAE 
against ca. 6 log CFU/mL Listeria monocytogenes in tryptic soy broth (TSB) at 32°C was 
determined to be 11.8 ppm (Ma et al., 2013).  Applying a solution with 22 ppm LAE on 
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the surface of frankfurters resulted in more than 1 log10 CFU/cm2 reduction of L. 
monocytogenes within 12 h at 4°C (Martin et al., 2009).  
Because LAE has a bitter taste and EOs have strong aroma, combination of these 
antimicrobials may lower the concentrations of individual antimicrobials if they have 
synergistic activities. We recently showed that the combination of LAE and EOs had the 
synergistic activity inhibiting Gram-negative L. monocytogenes but had the antagonistic 
effect against Gram-negative Escherichia coli O157:H7 and Salmonella Enteritidis (Ma 
et al., 2013). In our preliminary studies, addition of 500 ppm ethylediaminetetraacetate 
(EDTA) in the mixture of 200 ppm cinnamon oil (CO) and 5ppm LAE resulted in much 
enhanced activity against both L. monocytogenes Scott A, E. coli O157:H7 and S. 
Enteritidis. EDTA is a safe and economical additive that chelates divalent cations (Ca2+ 
and Mg2+) that are important to the structures of outer membranes of Gram-negative 
bacteria (Vaara, 1992), which enhances the activity of several antimicrobials (Branen and 
Davidson, 2004) and may have overcome the antagonistic activity of LAE-EO 
combination. This novel combination may be used in various applications to improve 
food safety. 
The object of the present study was to study physical and antimicrobial properties of cast 
chitosan films incorporated with LAE, CO, and EDTA. Chitosan was studied as film-
forming biopolymer because chitosan is an excellent film-forming material and chitosan 
films have good mechanical properties (Elsabee and Abdou, 2013). Additionally, 
chitosan itself has antibacterial and antifungal activity (Kim et al., 2003; Tsai et al., 
2002). 
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4.3. Materials and Methods 
4.3.1. Materials  
Chitosan (low molecular weight, 75-85% deacetylated), CO, and EDTA were purchased 
from Sigma-Aldrich Corp. (St. Louis, MO). The commercial LAE with a name of 
CytoGuard LA was kindly provided by A&B Ingredients (Fairfield, NJ). The product 
contained 10% w/w LAE and 90% propylene glycol. Acetic acid and TSB were procured 
from Thermo Fisher Scientific, Inc. (Waltham, MA).  
4.3.2. Film preparation 
The chitosan stock solution was prepared by dissolving 2% w/w chitosan powder in 1% 
w/w acetic acid solution and stirring overnight on a magnetic stir plate at a low speed. 
The impurities were removed by filtering the solution through a microcloth (Calbiochem-
Novabiochem Corp., San Diego, CA). LAE, EDTA, and CO were then directly added 
into the chitosan stock solution by mixing on a magnetic stir plate at room temperature 
(21°C) until visually homogeneous. The final film-forming mixtures after supplementing 
deionized water contained 1% w/w chitosan, 0.5% w/w acetic acid, 0, 0.1 or 0.2% w/w 
LAE, 0 or 0.25% w/w EDTA, and 0, 0.5, or 1% w/w CO. Films were prepared by casting 
30 g film-forming mixtures on 17.8 cm × 17.8 cm glass plates and drying at ambient 
conditions (21°C) for 24 h. After peeling, films were conditioned at 57% relative 
humidity (RH) controlled by a saturated sodium bromide solution in a desiccator for 48 h 
at 21°C before characterizations. Films prepared with 1 % w/w chitosan, 0.5% w/w acetic 
acid were treated as the control. 
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4.3.3. Physical and mechanical properties of films 
4.3.3.1. Thickness 
A digital microcaliper (Mitutoyo Corp., Kawasaki, Japan) was used to measure the 
thickness of chitosan films. The microcaliper had a precision of 0.001 mm. Twelve 
locations on various regimes of films were measured for each film and means and 
standard deviations were reported. 
4.3.3.2. Color 
Lightness (L) and chromaticity parameters a (red-green) and b (yellow-blue) in the 
Hunter Lab scale were measured in triplicate using a MiniScan XE Plus Hunter 
colorimeter (Hunter Associates Laboratory, Inc., Reston, VA) for each film. Color 
differences (ΔE) based on the standard white plate were calculated using Eq. (1) 
(Hosseini et al., 2009). 
𝛥𝐸 = (𝑎∗ − 𝑎)! + (𝑏∗ − 𝑏)! + (𝐿∗ − 𝐿)!                                              (1) 
where a, b, and L are the color parameter values of the film, and  a* (-1.11), b* (0.57) and 
L* (93.82) are the color parameter values of the standard white plate.  
4.3.3.3. Moisture content and water solubility 
To determine the moisture content and water solubility of films, 2×2 cm film squares 
were prepared and weighed (w0). Film squares were then put in an oven and dried at 60°C 
for 24 h to constant mass (Jiménez et al., 2012).  After cooling to room temperature in a 
desiccator filled with anhydrous calcium chloride, film squares were weighed again (w1). 
Moisture content was then calculated based on Eq. (2). Water solubility of films was 
measured by immersing the film squares into deionized water for 2 h at room 
temperature. After removing free water, film discs were put into an oven and dried at 
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60°C for 24 h. Total solids mass of film discs was recorded after cooling to room 
temperature in a desiccator (w3). Water solubility was calculated based on Eq. (3) (Rotta 
et al., 2009). Three film replicates prepared from each formulation were tested. 
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 % = !!!!!
!!
×      100%                                                                          (2) 
𝑊𝑎𝑡𝑒𝑟  𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦   % = (1− !!
!!× !""%!!"#$%&'(%
)×100%                                        (3) 
4.3.3.4. Water vapor permeability (WVP) 
The WVP of films was measured using Fisher/Payne permeability cups with an opening 
area of 9.61 cm2 (Fisher Scientific, Pittsburgh, PA). Films were sealed on cups which 
were pre-filled with 5.0 g deionized water (Zivanovic et al., 2005) and then cups were 
placed in a desiccator with 57% RH at room temperature (21°C). The cup mass was 
measured every hour up to 8 h with a precision of 0.0001 g. Water vapor permeation ratio 
(WVPR) was calculated based on the mass changes (M) over time (T) and effective film 
area (A) according to Eq. (4), while WVP was calculated using Eq. (5) (Pelissari et al., 
2009). Measurements were performed in triplicate. 
      (4) 
         (5) 
where t is the thickness of films, RH1 and RH2 are the RH inside (100%) and outside 
(57%) the cup, and sp is the water vapor saturation pressure at the test temperature (Pa).  
4.3.3.5. Tensile strength and elongation  
A TA.XTplus Texture Analyzer (Texture Technologies Corp., Scarsdale, NY) was used 
to determine the tensile strength and elongation at break of films. 10 cm×1 cm film strips 
WVPR = M
T × A
WVP = WVPR ×  t
sp ×  RH1 − RH2( )
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were prepared and tested with an initial gap of 8 cm, and the test speed was 1 mm/s. 
Elongation at break was calculated as the percentage of extension at break with respect to 
the original strip length, and tensile strength (Pa) was determined by dividing the 
maximum force by the cross-section area of each film strip (Pranoto et al., 2005). 
4.3.3.6. Scanning electron microscopy (SEM) 
Surface morphology of films was observed using a LEO 1525 surface scanning electron 
microscope (LEO Electron Microscopy, Oberkochen, Germany). A small piece of film 
was mounted on the specimen holder and imaged without gold coating at a voltage of 
1000 V. 
4.3.4. Residual content of cinnamon oil in the films 
To measure the residual content of CO in the films after drying, 2×2 cm film squares 
were prepared and placed into 20 mL glass vials containing 20 mL hexane, and extracted 
overnight by stirring on a magnetic stir plate (Chi et al., 2006). After centrifugation at 
11,337×g for 5 min, the absorbance of the supernatant at 280 nm (A280) was measured 
using a UV-Vis spectrophotometer (model Evolution 201, Thermo Scientific, Waltham, 
MA). A standard curve was constructed from A280 of CO standard solutions in hexane to 
determine CO content in films (Pan et al., 2014). Six squares from two films were 
measured for each film formulation. 
4.3.5. Bacteria culture 
Three bacteria cocktails consisting of equal populations of 5 test strains/serovars were 
used in the microbiological tests. The composition of each cocktail was listed as 
following: (1) E. coli O157: H7 cocktail: H1730, F4546, K3995, 658 and 932; (2) S. 
enterica cocktail: S. Agona, S. Montevideo, S. Gaminara, S. Michigan and S. Saint Paul; 
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(3) L. monocytogenes cocktail: LM1, LM2, 310, Scott A and V7. TSB was used for S. 
enterica and E. coli O157:H7, and TSB supplemented with yeast extract (TSBYE) was 
used for the growth of L. monocytogenes. Before mixing, each strain was transferred in 
broth for at least 2 times at 32°C (L. monocytogenes) or 37°C (S. enterica and E. coli 
O157:H7) with an interval of 24 h. Then cocktails were generated by mixing 2 mL 
culture from each strain and diluted in TSB or TSBYE to ca.106 CFU/mL before tests. 
4.3.6. Antimicrobial properties of films 
Disk diffusion method was used to evaluate antimicrobial properties of films (Zivanovic 
et al., 2005). Tryptic soy agar (TSA) or TSA supplemented with yeast extract (TSAYE, 
for L. monocytogenes) plates was spread with 200 µL culture with 106 CFU/mL of 
bacteria cocktail. Films were cut into 10 mm circular discs and two discs of each film 
were placed on each plate. After incubation for 24 and 48 h at 32°C (L. monocytogenes) 
or 37°C (E. coli O157: H7 and S. enterica), the diameter (mm) of inhibition zones was 
then measured using a ruler. Mean values of inhibition zone diameters from two films 
with two discs each (n = 4) were reported. 
Antimicrobial activity of the films in liquid medium was also tested. 1×1 cm2 film 
squares were prepared, and one piece of each film squares was added into 10 mL TSB 
containing ca. 106 CFU/mL S. enterica or 10 mL TSBYE containing ca.106 CFU/mL L. 
monocytogenes, viable cells were enumerated after 24-h incubation at 32°C (for L. 
monocytogenes) or 37°C (for S. enterica). Experiments were performed in triplicate. 
4.3.7. Statistical analysis 
Variance analysis of experiment data was performed using Tukey's test in SPSS 20 (IBM, 
Armonk, NY) at a 5% significance level. 
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4.4. Results and Discussions 
4.4.1. Thickness and color of films 
The thickness and color of films are shown in Table 4.1. Control chitosan films were 
significantly thinner (0.010 mm) than films incorporated with antimicrobials (p < 0.05), 
which was in agreement with other studies when incorporating antimicrobials in a film 
matrix (Hosseini et al., 2009; Ojagh et al., 2010a). The thickness of films with 
antimicrobials varied from 0.017 mm to 0.020 mm, but no significant differences were 
detected among films prepared with various amounts of antimicrobials. No difference of 
thickness among chitosan films incorporated with 0.8-2% CO was also reported in a 
previous study (Ojagh et al., 2010a).  
No difference was detected in lightness (L) and greenness (a) of films, as shown in Table 
1. Compared to control chitosan film, increasing the concentration of CO in the film 
significantly increased the yellowness (b) of films, from 1.27 for the control film to about 
7 for the film prepared with 1% CO. The increased yellowness may be due to yellow 
pigments in CO. Correspondingly, the color difference (ΔE) was significantly higher in 
films with 1% CO than that of other films. The results agreed with a previous study that 
reported the significantly increased yellowness after incorporating 1% CO in chitosan 
films (Peng and Li, 2014). 
4.4.2. Water barrier properties of films 
Moisture content, water solubility, and WVP of films are summarized in Table 4.2. The 
control chitosan film had the lowest moisture content (13.65%). With the addition of 
0.2% LAE and 0.25% EDTA, the moisture content of films significantly increased 
(19.89%). This may resulted from the amphipathic nature of LAE, as indicated by the oil-
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water partition coefficient of LAE being greater than 10 which means LAE has high 
affinity with water molecules (Gil Bakal, 2005). For films prepared with a higher 
concentration of CO, the measured moisture content was higher and the difference 
became significant between the film prepared with 1% CO and the control film. Because 
CO is volatile and can be evaporated during drying at 60°C, the moisture content was 
overestimated.   
The control chitosan film was totally dissolved after immersion in deionized water for 2 h 
at room temperature (Table 4.2). With the addition of antimicrobials, the water resistance 
of films increased significantly. The increased content of CO in films prepared with 0.2% 
LAE and 0.25% EDTA significantly reduced the water solubility of chitosan films. 
Similar results about the decreased water solubility of chitosan films after incorporating a 
greater amount of EO have been reported by other researchers (Hosseini et al., 2009). No 
significant differences of water solubility were observed for films prepared with 0.1% 
LAE and 0.5% or 1% CO, while a significantly lower water solubility was observed in 
the film prepared with 0.2% LAE and 1% CO than that prepared with 0.2% LAE and 
0.5% CO. This may due to the better retention of CO in chitosan films when the 
concentration of LAE was higher (Table 4.3).  
As shown in Table 4.2, WVP of films with antimicrobials (up to 9.3×10
-11
 g/Pa m s) was 
significantly higher than the control chitosan film (6.7×10
-11
 g/Pa m s). Chitosan films are 
formed by intra- and intermolecular hydrogen bonding between chitosan molecules 
(Gartner et al., 2011). Incorporation of antimicrobials in chitosan films may break 
hydrogen bonding and disrupt the long-range ordering of chitosan molecules, resulting in 
the increased WVP of films (Hosseini et al., 2009). Additionally, a higher thickness of 
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films with other antimicrobials can increase WVP (Eq. 5), as reported in other studies 
(Bertuzzi et al., 2007; Longares et al., 2004).  
4.4.3. Mechanical properties of films 
The tensile strength and elongation% at break of films are shown in Table 4.4. The 
control chitosan film had a much higher tensile strength (ca. 486 MPa) than films 
incorporated with antimicrobials (< 321 MPa). This may result from the interruption of 
ordered structures in chitosan films by antimicrobials (Hosseini et al., 2009), as discussed 
above. The lowest tensile strength was observed in the film prepared with 0.2% LAE and 
0.5% CO. Since LAE is a cationic surfactant, it is expected to emulsify CO as positively-
charged oil droplets. The mass ratio of surfactant to oil was the highest in this film, and 
the smallest droplets may be distributed most uniformly to disrupt the matrix of 
positively-charged chitosan molecules to lower the tensile strength.  
The elongation% at break was the highest for the film prepared with 0.2% LAE without 
CO, while there was no difference among other treatments (P > 0.05), which may due to 
the uniformly distributed positive charged LAE molecules in chitosan matrix. Films with 
0.2% LAE also had a higher amount of propylene glycol (90% in the commercial LAE 
product) that is a known plasticizer with the ability to increase the elongation% of 
chitosan films (Suyatma et al., 2005).  
4.4.4. Surface morphology of films 
SEM images of films with or without antimicrobials are presented in Fig. 4.1. The 
surface of control chitosan film was very smooth and uniform (Fig. 4.1A). The ordered 
structure of chitosan film was interrupted by the addition of LAE and EDTA (Fig. 4.1B 
and E). Separated structures were shown on the surface of chitosan films with 0.1 or 
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0.2% LAE and 0.25% EDTA. Small oil droplets were observed in the film with 0.1% 
LAE and 0.5% CO (Fig. 4.1C), and large oil droplets were shown when CO 
concentration increased to 1% (Fig. 4.1D). In addition to the need of a sufficient amount 
of surfactant (LAE) to emulsify CO, coalescence of oil droplets can occur during drying 
to form films. Small, abundant, and non-uniform structures were seen in the film with 
0.2% LAE and 0.5% CO (Fig. 4.1E), which had the highest surfactant:oil mass ratio and 
may form the most abundant and smallest droplets repelled by chitosan, as discussed 
previously. Compared to the 0.1% LAE treatment (Fig. 4.1D), a higher amount of LAE 
(0.2%) resulted in smaller oil droplets in the film prepared with 1% CO (Fig. 4.1F).  
4.4.5. Residual content of cinnamon oil in the films 
The residual amount of CO decreased in the order of film with 0.2% LAE and 1% CO > 
film with 0.1% LAE and 1% CO> film with 0.2% LAE and 0.5% CO > film with 0.1% 
LAE and 0.5% CO (Table 4.4). About 50% of CO remained in the film after drying the 
mixture with 0.2% LAE and 1% CO, which was significantly higher than 34% of the film 
prepared with 0.1% LAE and 1% CO. Similarly, for the films with 0.5% CO, a higher 
amount of LAE significantly improved the residual percentage of CO, which was 21% 
and 6.75% for 0.2% and 0.1% LAE treatments, respectively. Thus, increasing the 
concentration of surfactant (LAE) significantly increased the residual content of CO in 
the films.  
4.4.6. Antimicrobial properties of films 
The diameters of inhibition zones of film discs are presented in Table 4.5. No bacteria 
growth was observed under films discs prepared with chitosan only. Large inhibition 
zones around film discs with the antimicrobials were observed, and the differences were 
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insignificant after 24 and 48 h (p > 0.05), which showed the constant inhibition effect of 
films incorporated with the tested antimicrobials. Overall, the antimicrobial film discs 
produced a higher inhibition effect against L. monocytogenes than S. enterica and E. coli 
O157:H7, which agreed with a study for chitosan-based films with 0.693%, 3.465% and 
6.930% (dry weight basis) of LAE (Higueras et al., 2013).  
The film discs with 0.1% LAE and 0.25% EDTA showed significantly larger inhibition 
zone in inhibiting all three bacteria than film discs with 0.1% LAE only after 24-h 
incubation. In our separate study to be published elsewhere, EDTA was observed to 
enhance the antimicrobial activity of LAE. Similarly, films discs with 0.2% LAE and 
0.25% EDTA had significantly larger inhibition zones against L. monocytogenes than 
film discs with 0.2% LAE only either after 24 or 48-h incubation. However, no 
significant differences in inhibition zones were found when S. enterica or E. coli 
O157:H7 were treated by film discs containing 0.2% LAE with or without 0.25% EDTA. 
This may be due to the negligible improvement in activities by EDTA at a high LAE 
content (0.2%) or higher resistance to EDTA of Gram-negative bacteria (Branen and 
Davidson, 2004). Compared to film discs with LAE and EDTA without CO, film discs 
with CO did not show significantly larger inhibition zone in many treatments. This may 
have been caused by slower diffusion of hydrophilic LAE and EDTA into TSA matrix 
after incorporation of hydrophobic CO, as discussed previously for water solubility 
(Table 4.2). Nonetheless, large inhibition zones were observed around film discs with 
LAE, EDTA and CO, which indicated the promising effectiveness of the films in 
improving the safety of food products.  
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Similar results were shown in the antimicrobial test conducted in liquid medium, the 
viable cells were the least in treatment with film squares containing LAE and EDTA 
(Table 4.6). Viable cells of L. monocytogenes after treatments are following the increase 
order of treatment with film containing LAE and EDTA, and treatment with film 
containing LAE, EDTA and 0.5% CO < treatment with film containing LAE alone < 
treatment with film containing LAE, EDTA and 1% CO.  For S. enterica, viable cells are 
the least in treatment with film containing LAE alone or in combination with EDTA; 
followed by the treatment with film containing LAE, EDTA and 0.5% CO and the 
treatment with film containing LAE, EDTA and 1% CO. Insignificant difference between 
treatment with film containing LAE alone or in combination with EDTA may be due to 
the higher resistance of S. enterica to EDTA (Branen and Davidson, 2004). The increased 
number of viable bacteria cells with increasing concentration of CO indicated the effect 
of CO on slowing the diffusion of hydrophilic antimicrobials. Besides, the highest 
residual amount of CO was 48 mg/ cm2 (Table 4.3), which was not be enough to exert the 
bactericidal activity, since the minimum inhibitory concentration of CO against the 
foodborne pathogens was 750 ppm in TSB (Ma et al., 2013).  
4.5. Conclusions 
Physical and antimicrobial properties of chitosan films were affected to different extent 
after incorporation with different amounts of LAE, EDTA and CO. With the addition of 
CO, the water solubility of films significantly decreased, which suggested the increased 
water-resistance of films. No significant differences of WVP were detected between 
control chitosan film and those with additional antimicrobials. The tensile strength of 
films significantly decreased after addition of the antimicrobials, while no significant 
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differences were observed in elongation% among most films. Strong antimicrobial 
activities of the films incorporated with antimicrobials were detected against both Gram-
positive and Gram-negative bacteria after 24 and 48 h. The enhanced antimicrobial 
activity was observed when incorporating EDTA in films prepared with 0.1% LAE. 
However, addition of CO in the film-forming mixtures resulted in a slower release of the 
LAE. Therefore, in the perspective of high antimicrobial efficacy in short time, the film-
forming mixtures may be more suitable to be applied as antimicrobial coatings to 
improve the safety of food products.  
 
  
	   139	  
References 
Bertuzzi, M., Castro Vidaurre, E., Armada, M., Gottifredi, J., 2007. Water vapor 
permeability of edible starch based films. Journal of Food Engineering 80, 972-978. 
Branen, J.K., Davidson, P.M., 2004. Enhancement of nisin, lysozyme, and monolaurin 
antimicrobial activities by ethylenediaminetetraacetic acid and lactoferrin. International 
Journal of Food Microbiology 90, 63-74. 
Chen, H., Zhang, Y., Zhong, Q., 2015. Physical and antimicrobial properties of spray-
dried zein–casein nanocapsules with co-encapsulated eugenol and thymol. Journal of 
Food Engineering 144, 93-102. 
Chen, W., Jin, T.Z., Gurtler, J.B., Geveke, D.J., Fan, X., 2012. Inactivation of Salmonella 
on whole cantaloupe by application of an antimicrobial coating containing chitosan and 
allyl isothiocyanate. International Journal of Food Microbiology 155, 165-170. 
Chi, S., Zivanovic, S., Penfield, M., 2006. Application of chitosan films enriched with 
oregano essential oil on bologna–active compounds and sensory attributes. Food Science 
and Technology International 12, 111-117. 
Elsabee, M.Z., Abdou, E.S., 2013. Chitosan based edible films and coatings: a review. 
Materials Science and Engineering: C 33, 1819-1841. 
Gartner, C., López, B.L., Sierra, L., Graf, R., Spiess, H.W., Gaborieau, M., 2011. 
Interplay between structure and dynamics in chitosan films investigated with solid-state 
NMR, dynamic mechanical analysis, and X-ray diffraction. Biomacromolecules 12, 
1380-1386. 
Gil Bakal, A.D., 2005. The lowdown on lauric arginate: Food antimicrobial eats at 
plasma membrane, disrupting a pathogen's metabolic process. Food Quality and Safety. 
	   140	  
Higueras, L., López-Carballo, G., Hernández-Muñoz, P., Gavara, R., Rollini, M., 2013. 
Development of a novel antimicrobial film based on chitosan with LAE (ethyl-Nα-
dodecanoyl-l-arginate) and its application to fresh chicken. International Journal of Food 
Microbiology 165, 339-345. 
Hosseini, M., Razavi, S., Mousavi, M., 2009. Antimicrobial, physical and mechanical 
properties of chitosan-based films incorporated with thyme, clove and cinnamon essential 
oils. Journal of Food Processing and Preservation 33, 727-743. 
Jiménez, A., Fabra, M.J., Talens, P., Chiralt, A., 2012. Effect of re-crystallization on 
tensile, optical and water vapour barrier properties of corn starch films containing fatty 
acids. Food Hydrocolloids 26, 302-310. 
Kim, K.W., Thomas, R., Lee, C., Park, H.J., 2003. Antimicrobial activity of native 
chitosan, degraded chitosan, and O-carboxymethylated chitosan. Journal of Food 
Protection® 66, 1495-1498. 
Longares, A., Monahan, F., O’riordan, E., O’sullivan, M., 2004. Physical properties and 
sensory evaluation of WPI films of varying thickness. LWT-Food Science and 
Technology 37, 545-550. 
Ma, Q., Davidson, P.M., Zhong, Q., 2013. Antimicrobial properties of lauric arginate 
alone or in combination with essential oils in tryptic soy broth and 2% reduced fat milk. 
International Journal of Food Microbiology 166, 77-84. 
Martin, E., Griffis, C., Vaughn, K., O'Bryan, C., Friedly, E., Marcy, J., Ricke, S., 
Crandall, P., Lary Jr, R., 2009. Control of Listeria monocytogenes by lauric arginate on 
frankfurters formulated with or without lactate/diacetate. Journal of Food Science 74, 
M237-M241. 
	   141	  
Ojagh, S.M., Rezaei, M., Razavi, S.H., Hosseini, S.M.H., 2010a. Development and 
evaluation of a novel biodegradable film made from chitosan and cinnamon essential oil 
with low affinity toward water. Food Chemistry 122, 161-166. 
Ojagh, S.M., Rezaei, M., Razavi, S.H., Hosseini, S.M.H., 2010b. Effect of chitosan 
coatings enriched with cinnamon oil on the quality of refrigerated rainbow trout. Food 
Chemistry 120, 193-198. 
Pan, K., Chen, H., Davidson, P.M., Zhong, Q., 2014. Thymol nanoencapsulated by 
sodium caseinate: physical and antilisterial properties. Journal of Agricultural and Food 
Chemistry 62, 1649-1657. 
Pelissari, F.M., Grossmann, M.V., Yamashita, F., Pineda, E.A.G., 2009. Antimicrobial, 
mechanical, and barrier properties of cassava starch− chitosan films incorporated with 
oregano essential oil. Journal of Agricultural and Food Chemistry 57, 7499-7504. 
Peng, Y., Li, Y., 2014. Combined effects of two kinds of essential oils on physical, 
mechanical and structural properties of chitosan films. Food Hydrocolloids 36, 287-293. 
Perdones, A., Sánchez-González, L., Chiralt, A., Vargas, M., 2012. Effect of chitosan–
lemon essential oil coatings on storage-keeping quality of strawberry. Postharvest 
Biology and Technology 70, 32-41. 
Pranoto, Y., Salokhe, V.M., Rakshit, S.K., 2005. Physical and antibacte rial properties of 
alginate-based edible film incorporated with garlic oil. Food Research International 38, 
267-272. 
Rotta, J., Ozório, R.Á., Kehrwald, A.M., de Oliveira Barra, G.M., Amboni, R.D.d.M.C., 
Barreto, P.L.M., 2009. Parameters of color, transparency, water solubility, wettability and 
	   142	  
surface free energy of chitosan/hydroxypropylmethylcellulose (HPMC) films plasticized 
with sorbitol. Materials Science and Engineering: C 29, 619-623. 
Ruckman, S.A., Rocabayera, X., Borzelleca, J.F., Sandusky, C.B., 2004. Toxicological 
and metabolic investigations of the safety of N-α-Lauroyl-l-arginine ethyl ester 
monohydrochloride (LAE). Food and Chemical Toxicology 42, 245-259. 
Suyatma, N.E., Tighzert, L., Copinet, A., Coma, V., 2005. Effects of hydrophilic 
plasticizers on mechanical, thermal, and surface properties of chitosan films. Journal of 
Agricultural and Food Chemistry 53, 3950-3957. 
Tsai, G.J., Su, W.H., Chen, H.C., Pan, C.L., 2002. Antimicrobial activity of shrimp chitin 
and chitosan from different treatments and applications of fish preservation. Fisheries 
Science 68, 170-177. 
USDA, 2005. Agency Response Letter GRAS Notice No. GRN 000164. 
Vaara, M., 1992. Agents that increase the permeability of the outer membrane. 
Microbiological Reviews 56, 395-411. 
Wang, L., Liu, F., Jiang, Y., Chai, Z., Li, P., Cheng, Y., Jing, H., Leng, X., 2011. 
Synergistic antimicrobial activities of natural essential oils with chitosan films. Journal of 
Agricultural and Food Chemistry 59, 12411-12419. 
Xue, J., Zhong, Q., 2014. Thyme oil nanoemulsions coemulsified by sodium caseinate 
and lecithin. Journal of Agricultural and Food Chemistry 62, 9900-9907. 
Zivanovic, S., Chi, S., Draughon, A.F., 2005. Antimicrobial activity of chitosan films 




	   143	  
Appendix 
 
Table 4.1. Thickness and color of films prepared from mixtures containing 1% w/w 
chitosan, 0.25% w/w EDTA, and various concentrations of lauric arginate (LAE) and 
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* Numbers are mean ± standard deviation (n = 12 for thickness, 3 for color). Different 
superscript letters in the same column indicate mean values differ significantly (p < 0.05). 
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Table 4.2. Moisture content, water solubility and water vapor permeability (WVP) of 
films prepared from mixtures containing 1% w/w chitosan, 0.25% w/w EDTA, and 
various concentrations of lauric arginate (LAE) and cinnamon oil (CO). * 







0 (Chitosan only) 13.65 ± 1.10d 100.0 ± 0.0a 6.703 ± 0.051b 
0.1  0 16.78 ± 0.62cd 72.02 ± 1.49b 8.547 ± 0.159a 
 
0.5 19.67 ± 1.57bc 59.72 ± 2.81c 9.325 ± 0.226a 
 
1 23.56 ± 1.86ab 55.86 ± 3.62c 9.098 ± 0.103a 
0.2  0 19.89 ± 1.11bc 71.22 ± 1.35b 8.342 ± 0.515a 
 
0.5 23.34 ± 2.55ab 60.76 ± 3.29c 9.313 ± 0.128a 
 
1 26.83 ± 0.87a 46.84 ± 1.22d 8.662 ± 0.563a 
* Numbers are mean ± standard deviation (n=3). Different superscript letters in the same 
column indicate mean values differ significantly (p < 0.05). 
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Table 4.3. Residual content of cinnamon oil (CO) in films prepared from mixtures 
containing 1% w/w chitosan, 0.25% w/w EDTA, and various concentrations of lauric 
arginate (LAE) and CO. * 
LAE (% 
w/w) 
CO (% w/w) 
 Residual content of 
CO 
 (mg/cm2 film) 
Residual content of CO 
(%)** 
0.1 0.5 0.03 ± 0.01d 6.75 ± 2.65d 
 
1 0.32 ± 0.05b 34.12 ± 5.04b 
0.2 0.5 0.11 ± 0.04c 21.42 ± 4.59c 
 
1 0.48 ± 0.09a 50.63 ± 9.81a 
* Numbers are mean ± standard deviation (n=6). Different superscript letters in the same 
column indicate mean values differ significantly (p < 0.05). 
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Table 4.4. Tensile strength and elongation at break of films prepared from mixtures 
containing 1% w/w chitosan, 0.25% w/w EDTA, and various concentrations of lauric 
arginate (LAE) and cinnamon oil (CO). * 
LAE (% 
w/w) 
CO (% w/w) Tensile strength (MPa) 
Elongation 
(%) 
0 (Chitosan only) 486.7 ± 42.2a 3.5 ± 0.4b 
0.1  0 320.6 ± 26.8b 3.8 ± 0.3b 
 
0.5 251.1 ± 21.0cd 4.5 ± 1.6b 
 
1 279.9 ± 21.3bc 9.4 ± 5.5b 
0.2  0 288.8 ± 59.8bc 33.5 ± 11.0a 
 
0.5 227.9 ± 23.6d 2.6 ± 0.7b 
 
1 250.0 ± 16.2cd 7.9 ± 2.8b 
* Numbers are mean ± standard deviation (n ≥ 5). Different superscript letters in the same 
column indicate mean values differ significantly (p < 0.05). 
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Table 4.5. Inhibition zone diameters of film discs prepared from mixtures containing 1% w/w 










Inhibition zone diameter (mm)* 
SE** EC LM 
24 h 48 h 24 h 48 h 24 h 48 h 
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Inhibition zone diameter (mm)* 
SE** EC LM 
24 h 48 h 24 h 48 h 24 h 48 h 
0.2 




19.3 ±  
0.6de 
19.0 ±  
1.0def 
22.0 ±  
0.8ab 




10 ± 0.0k 10 ± 0.0m 10 ± 0.0k 10 ± 0.0m 10 ± 0.0k 10 ± 0.0m 
 
*The diameters include the film discs with a diameter of 10 mm. Numbers are mean ± standard 
deviation (n = 4). Different superscript letters indicate mean values at the same incubation time 
(24 or 48h) differ significantly (p < 0.05). 
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Table 4.6. Viable cells of film squares prepared from mixtures containing 1% w/w chitosan, 
0.2% w/w lauric arginate (LAE), and various concentrations of EDTA and cinnamon oil (CO) *. 
 
* Initial concentrations of L. monocytogenes and S. enterica were 6.31 log CFU/mL and 5.95 log 
CFU/mL, respectively. 
** Numbers are mean ± standard deviation (n = 3). Different superscript letters indicate mean 
values at same column differ significantly (p < 0.05).
LAE (% w/w) EDTA (% w/w) CO (% w/w) 
Log reduction** 
L. monocytogenes S.enterica 
0.2 0 0 6.77 ± 0.73b 5.70 ± 0.42a 
 0.25 0 5.85 ± 0.64a 5.83 ± 0.50a 
 0.25 0.5 6.05 ± 0.28a 7.64 ± 0.94b 
 0.25 1 8.65 ± 0.06c 8.37 ± 0.25c 
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Figure 4.1. SEM images of films prepared from mixtures containing (A) 1% w/w 
chitosan and additional (B) 0.1%w/w lauric arginate (LAE) and 0.25% w/w 
ethylenediaminetetraacetate (EDTA); (C) 0.1%w/w LAE, 0.25%w/w EDTA, and 
0.5%w/w cinnamon oil (CO); (D) 0.1%w/w LAE, 0.25%w/w EDTA, and 1%w/w CO; 
(E) 0.2%w/w LAE and 0.25%w/w EDTA; (F) 0.2%w/w LAE, 0.25%w/w EDTA, and 
0.5%w/w CO; or (G) 0.2%w/w LAE, 0.25%w/w EDTA, and 1%w/w CO. Bar = 20 µm. 
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5.1. Abstract 
Cantaloupes are susceptible to microbiological contamination in pre- or postharvest 
environment. Intervention strategies such as novel antimicrobial coatings are needed to 
improve the safety of cantaloupes. The objective of this study was to prepare whole 
cantaloupes coated with mixtures containing chitosan, lauric arginate (LAE), cinnamon 
oil (CO), and ethylenediaminetetraacetic acid (EDTA) and determine quality attributes 
and growth characteristics of inoculated foodborne pathogens during storage. Chitosan 
coating with 0.1% LAE, 0.1% EDTA, and 1% CO was the most effective for inhibiting 
foodborne pathogens inoculated on cantaloupes, resulted in > 3 log CFU/cm2 reduction of 
Escherichia coli O157: H7 and Listeria monocytogenes immediately after coating, and 
reduced Salmonella enterica to below the detection limit during the 14-day storage. Total 
molds and yeasts also were reduced to the detection limit by the coating. The redness and 
yellowness of uncoated cantaloupes were significantly higher than coated ones from day 
6. The firmness of uncoated cantaloupes and those coated with chitosan only was 
significantly lower than other treatments from day 10. No significant differences were 
found in total soluble solids content or weight loss between coated and uncoated 
cantaloupes. Our study showed the potential application of the coating mixtures to 
improve the quality and safety of cantaloupes. 
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5.2. Introduction 
Cantaloupes are perishable and susceptible to microbiological contamination in pre- or 
postharvest environment. Pre-harvest safety concerns originate from the fact that 
cantaloupes are grown on ground and can be contaminated with foodborne pathogens 
from irrigation water, manure fertilizers, and wild or domestic animals (Bowen et al., 
2006). Post-harvest threats include poor hygiene and unsanitary procedures by workers 
that can lead to the cross-contamination of cantaloupes (Bowen et al., 2006). Cross-
contamination can also occur during cutting cantaloupes (Ukuku and Sapers, 2001). An 
important feature of cantaloupes is their rough surface which can favor the attachment of 
bacteria (Bowen et al., 2006), as demonstrated for the positive linear correlation between 
the adhesion rate of Escherichia coli O157: H7 and the surface roughness of fruits (Wang 
et al., 2009). Surface roughness was also negatively linearly correlated to the inactivation 
efficacy of E. coli O157: H7 by acidic electrolyzed water and peroxyacetic acid, with 
cantaloupe being more resistant to the wash treatments than other fruits (apple, avocado 
and orange) with smoother surfaces (Wang et al., 2009). These pre- and post-harvest 
safety factors have resulted in more than 25 outbreaks of foodborne illnesses associated 
with the consumption of cantaloupes between 1973 and 2003 in the United States and 
Canada (Bowen et al., 2006). A most recent large scale outbreak of listeriosis in 2011 
was linked to whole cantaloupes from Jensen Farms in Colorado, USA and resulted in 
147 infections, 33 deaths, and 1 miscarriage (Center for Disease Control and Prevention, 
2012). Therefore, strategies are needed to improve the safety of cantaloupes.  
Antimicrobial coatings have been widely investigated to improve the safety of food 
products (Alvarez et al., 2013; Chen et al., 2012; Li et al., 2013). Chitosan, derived from 
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chitin by deacetylation (Hajji et al., 2014), is an excellent film forming material (Domard 
and Domard, 2001). Chitosan-based coatings incorporated with antimicrobials or 
bioactive compounds have been extensively studied to improve the safety and quality of 
food products (Elsabee and Abdou, 2013). A coating solution with 1% chitosan and 2% 
acetic acid resulted in a 5.38 log CFU/g reduction of Listeria monocytogenes on ready-to-
eat shrimps after 16-day storage at 4°C (Li et al., 2013). Spraying a coating solution with 
1% w/v modified chitosan and 0.05% w/v carvacrol nanoemulsion on green beans 
resulted in a 1.7-log CFU/g reduction of E. coli O157:H7 after 7-day storage at 4°C 
(Severino et al., 2015). Thus, chitosan-based antimicrobial coatings have potential to 
improve the safety of whole cantaloupes during storage. 
Lauric arginate (LAE) is a generally-recognized-as-safe (GRAS) antimicrobial (USDA, 
2005) and effectively inhibits a board spectrum of foodborne pathogens (Ma et al., 2013). 
Essential oils (EOs) are another group of effective GRAS antimicrobials (Pan et al., 
2014; Shah et al., 2013). In our recent study, synergistic antilisterial activity was 
observed when combining LAE and EOs, while this combination was antagonistic 
against Gram-negative E. coli O157:H7 and Salmonella (Ma et al., 2013). 
Ethylenediaminetetraacetic acid (EDTA) chelates divalent calcium ions that are 
important to bacteria structures (Vaara, 1992) and enhances the activities of various 
antimicrobials such as lysozyme that is effective against Gram-positive but not Gram-
negative bacteria (Branen and Davidson, 2004; Proctor et al., 1988) . In our preliminary 
studies to be published elsewhere, EDTA significantly enhanced the LAE- cinnamon oil 
(CO) combination against L. monocytogenes, Salmonella enterica and E.coli O157: H7. 
	   155	  
The elimination of antagonistic effects of LAE-EO combinations against Gram-negative 
bacteria by EDTA enables expanded application of these GRAS antimicrobials. 
The objective of the present study was to evaluate effects of chitosan-based coatings 
incorporated with LAE, CO and EDTA on the antimicrobial and quality attributes of 
whole cantaloupes. Inhibition of L. monocytogenes, S. enterica and E. coli O157: H7 
inoculated on whole cantaloupes was studied because these foodborne pathogens are 
frequently linked to outbreaks of foodborne illnesses associated with fresh produce. 
Coatings were also studied for inhibition of native molds and yeasts on whole 
cantaloupes. Color, weight loss, firmness and total soluble solids content of cantaloupes 
during storage were studied as quality parameters. 
5.3. Materials and Methods 
5.3.1. Materials 
Chitosan (low molecular weight, 75-85% deacetylated), EDTA and CO were purchased 
from Sigma-Aldrich Corp. (St. Louis, MO). Commercial LAE product (CytoGuardTM LA 
20) containing 10% LAE and 90% propylene glycol was kindly provided by A&B 
Ingredients (Fairfield, NJ) . Non-selective media tryptic soy broth (TSB) was purchased 
from Thermo Fisher Scientific, Inc. (Waltham, MA). 
Cantaloupes were bought from a local supermarket on the day of arrival and were 
immediately washed for microbiological tests or stored overnight at room temperature 
(21°C) for quality tests. 
5.3.2. Bacteria culture 
Cocktails with equal populations of 5 strains/serovars were used for each bacterium in the 
microbial study. E. coli O157:H7 cocktail consisted of H1730, F4546, K3995, 658 and 
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932 strains. S. enterica cocktail contained Agona, Montevideo, Gaminara, Michigan and 
Saint Paul serovars. L. monocytogenes cocktail comprised of LM1, LM2, 310, Scott A 
and V7 strains. Each strain of the cocktails was cultured in TSB or TSB supplemented 
with yeast extract (TSBYE, for L. monocytogenes) and transferred for at least 2 times 
with an interval of 24h. The incubation temperature was 32°C for L. monocytogenes and 
37°C for S. enterica and E. coli O157:H7. The cocktails were generated before tests by 
mixing 2 mL culture of each strain. 
5.3.3. Preparation of coating solutions 
Chitosan stock solution was prepared by dissolving 2% w/w chitosan powder in 1% w/w 
acetic acid aqueous solution and stirred overnight at room temperature (21°C). 
Undissolved debris was removed by filtering the solution through a microcloth 
(Calbiochem-Novabiochem Corp., San Diego, CA). Coating solutions were prepared by 
adding LAE, EDTA, CO, and deionized water into the 2% w/w chitosan stock solution. 
The final coating solutions contained 1% w/w chitosan, 0.5% w/w acetic acid, 0.1% w/w 
LAE, 0.1% w/w EDTA, and 0, 0.5 or 1% w/w CO. Unless statement otherwise, all the 
percentages are weight percentages, hereafter.  
5.3.4. Inoculation and treatment of whole cantaloupes 
Treatment of cantaloupes was done according to the method of Chen et al. (Chen et al., 
2012). Cantaloupes were washed using deionized water containing 0.5% w/v Tween 80 
and rinsed with tap water. The washed cantaloupes were placed on bench and dried 
overnight at room temperature (21°C). 100 µL culture with about 108 CFU/mL bacteria 
was inoculated on the premarked squares on cantaloupes with an area of 6.25 cm2. Two 
squares on each of 2 cantaloupes were inoculated for each bacterium and each coating 
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treatment. After inoculation, cantaloupes were dried for another 6 h at room temperature 
(21°C) to allow the bacteria completely attach to the surface of cantaloupes before 
treatment.  
For coating treatment, 400 µL of each following coating solution: A) 1% chitosan with 
0.1% LAE and 0.1% of EDTA; B) 1% chitosan with 0.1% LAE, 0.1% EDTA and 0.5% 
CO; C) 1% chitosan with 0.1% LAE, 0.1% EDTA and 1% CO; and D) 1% chitosan 
solution only was spread on the inoculated squares with a small paintbrush. Cantaloupes 
without coating were taken as a control. Cantaloupes were then stored at room 
temperature (21°C) for up to 14 days. 
5.3.5. Enumeration of foodborne pathogens 
Selective media were used to eliminate the influence of background microorganisms. 
Cefixime-tellurite sorbital MacConkey (CT-SMAC), modified oxford agar (MOX), and 
xylose lysine tergitol 4 agar (XLT4) were used for E. coli O157:H7, L. monocytogenes, 
and S. enterica, respectively. Treated areas were excised using a sterile knife on day 1, 3, 
7, 10 and 14. The squares were placed into sterile blender bags (Thermo Fisher Scientific, 
Inc., Waltham, MA) containing 25 mL sterile 10 mM phosphate buffered saline (PBS, pH 
7.4) and 0.2% Tween 80 and hand-massaged for 1 min. The homogenate was then 
serially diluted in 0.1% w/v peptone water and surface plated on CT-SMAC plates for 
E.coli O157:H7, XLT4 plates for S. enterica or MOX plates for L. monocytogenes. 
Counting of colonies was carried out after 24-h incubation at 37°C for E.coli O157:H7 
and S. enterica, or 48-h incubation at 32°C for L. monocytogenes. 
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5.3.6. Effects of chitosan-based coatings on the quality characteristics of whole 
cantaloupes 
Cantaloupes with similar size, color and degree of visual ripeness were immersed into the 
2 L above coating solutions for 30 s. After draining excess solutions, cantaloupes were 
incubated at room temperature (21°C) for up to 14 days. Weight, color, firmness, and 
total soluble solids (TSS) content of cantaloupes were measured using the methods below 
on day 2, 6, 10 and 14. The total populations of molds and yeasts were enumerated on 
day 2. Uncoated cantaloupes were taken as a control. 
5.3.6.1. Weight and color measurement 
Four cantaloupes with similar ripeness were assigned to each treatment, and color and 
weight of cantaloupes were measured during storage for up to 14 days. For color 
measurements, same three spots on different locations of each cantaloupe were measured 
during storage. The instrument was a MiniScan XE Plus Hunter colorimeter (Hunter 
Associates Laboratory, Inc., Reston, VA). Lightness (L*) and chromaticity parameters a* 
(green to red) and b* (blue to yellow) in the CIELab scale were reported.  
5.3.6.2. Firmness and total soluble solids (TSS) measurement 
Three cantaloupes in each treatment were used to measure firmness and TSS content. 
Each cantaloupe was longitudinally cut into four parts and each part was punctured with a 
sterile cylindrical borer (diameter = 22 mm) in the center. Then discs with a thickness of 
10 mm were generated by vertically cut the cylindrical flesh right under the rind of 
cantaloupes. Firmness was measured using a TA.XTplus Texture Analyzer in the 
compression mode (Texture Technologies Corp., Scarsdale, N.Y.). A flat head stainless 
steel cylindrical probe with a diameter of 7 mm was used to puncture the flesh discs at a 
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speed of 50 mm/min. Firmness was defined as the force (N) required to puncture the flesh 
disc (Mahmoud, 2012). TSS of each flesh disc was measured after squeezing one drop of 
juice from the flesh disc onto the digital refractometer mirror (Thermo Fisher Scientific, 
Inc., Waltham, MA).  
5.3.7. Enumeration of total molds and yeast 
The rind discs (diameter = 22 mm) generated in section 2.6.2 were used to enumerate the 
total molds and yeast on cantaloupes after 5-day incubation at room temperature (21°C). 
Four rind discs of each cantaloupes were put into sterile blender bags containing 25 mL 
sterile 10 mM PBS (pH 7.4) and 0.2% Tween 80 and hand-massaged for 1 min as 
described in section 2.5. The total populations of molds and yeasts of uncoated and 
coated cantaloupes were enumerated on dichloran rose bengal chloramphenicol agar 
(DRBC). In addition, 24 cantaloupes (divided into 3 groups) in each treatment were 
recorded for visible molds during ambient storage for up to 14 days, and the percentages 
of cantaloupes with visible molds were reported for different coating treatments. 
5.3.8. Statistical analysis 
Experiment data was analyzed using Tukey’s test in SPSS 20 (IBM, Armonk, NY) at a 
5% significance level.   
5.4. Results and Discussions 
5.4.1. Coating effect on microbial growth on cantaloupes 
As shown in Fig. 5.1A, coating treatments significantly reduced the viable cell counts of 
E. coli O157:H7. However, only the coating treatment with 0.1% LAE, 0.1% EDTA and 
1% CO effectively inhibited the recovery of E. coli O157:H7 after day 3 and more than 3 
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log CFU/cm2 reduction of E. coli O157:H7 after 14 days. For S. enterica (Fig. 5.1B), 
coating treatments with LAE and EDTA, with and without CO, reduced the viable cell 
counts to the detection limit after day 1, and no recovery was observed during storage. 
Conversely, some recovery of S. enterica was observed in the treatment of chitosan only 
on day 7 and day 14. For L. monocytogenes (Fig. 5.1C), viable cell counts were 
significantly reduced after coating treatments (day 1), with about 3 to 4-log CFU/cm2 
reduction. The treatment with 0.1% LAE, 0.1% EDTA and 1% CO showed the best 
inhibition of L. monocytogenes during storage, followed by treatment with 0.1% LAE, 
0.1% EDTA and 0.5% CO. Overall, the chitosan coating with 0.1% LAE, 0.1% EDTA 
and 1% CO was the most effective in inhibiting the growth of all three tested pathogens 
on cantaloupes. 
Total populations of mold and yeast are shown in Fig. 5.2. Coating treatments reduced 
the molds and yeasts to below the detection limit on day 2. In contrast, about 3.80 log 
CFU/cm2 of the total molds and yeasts was observed on the uncoated cantaloupes. Molds 
were visible on uncoated cantaloupes from day 2 and appeared on day 4 and day 5 for 
treatments with chitosan only and those containing 0.1% LAE, 0.1% EDTA and 1% CO 
(Fig. 5.3); while on day 5, uncoated cantaloupes and cantaloupes coated with chitosan 
only had much higher percentage of cantaloupes with visible mold (56.3% and 50%, 
respectively) than cantaloupes in other treatments (25%). The chitosan coating containing 
0.1% LAE, 0.1% EDTA and 1% CO significantly reduced the growth of native molds 
and yeasts on cantaloupes during 14-day storage (Fig. 5.3).  
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5.4.2. Quality properties of cantaloupes  
To study the effect of coating treatments on quality properties of cantaloupes, color, 
weight loss, firmness, and TSS content of cantaloupes were measured during storage. As 
shown in Fig. 5.4A, redness of uncoated cantaloupes was significantly higher than that of 
coated cantaloupes after day 6, and no significant differences in redness were found 
among coating treatments. Similarly, after day 6, yellowness of uncoated cantaloupes was 
much higher than that of cantaloupes coated with chitosan containing antimicrobials, but 
no difference was found for uncoated cantaloupes and those coated with chitosan only 
(Fig. 5.4B). Lightness of uncoated cantaloupes was much higher than that of coated ones 
after day 2 (Fig. 5.4C). Photos of coated and uncoated cantaloupes were taken on day 2 
and day 14 (Fig. 5.5). Coatings were barely visible on cantaloupes. No significant 
differences in appearance were observed between coated and uncoated cantaloupes on 
day 2. On day 14, uncoated cantaloupe was apparently more yellowish and red than 
coated cantaloupes. Color changes results indicated the coating treatments, especially 
coatings containing tested antimicrobials slowed the ripening process of whole 
cantaloupes. 
Correspondingly, firmness of uncoated cantaloupes was lower than that of coated 
cantaloupes on day 6 and the differences became significant on day 10 (p < 0.05) (Fig. 
5.6). Cantaloupes coated with chitosan only were siginicantly softer than those with 
additional LAE, EDTA, and/or CO from day 10. However, no significant difference was 
found in weight loss (Fig. 5.7) and total solids content (Fig. 5.8) of cantaloupes among all 
treatments during storage. 
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5.5. Discussions 
Chitosan-based coatings incorporated with 0.1% LAE, 0.1% EDTA and 1% CO 
effectively inhibited the growth of tested foodborne pathogens (Fig. 5.1), especially S. 
enterica, on cantaloupes during 14-day storage at room temperature (21°C). Cocktails of 
E. coli O157: H7 and L. monocytogenes were more resistant to coating treatments than 
that of S. enterica. In a study (Trinetta et al., 2013), S. enterica cocktail on  Roma 
tomatoes, cantaloupes and strawberries was the more sensitive bacteria to the treatment 
of chlorine dioxide gas than E. coli O157: H7 and L. monocytogenes cocktails. As 
explained by the authors, microbial attachment, colonization and survival on the surface 
of fresh produce can be the factors causing different inactivation rates (Trinetta et al., 
2013). E. coli O157: H7 and L. monocytogenes were reported to be more capable of 
attaching on the surface of lettuce leaves than S. Typhimurium (Takeuchi et al., 2000). In 
another study, S. Typhimurium was found to produce fewer microcolonies and had 
poorer survivability on peach and plum than E. coli O157: H7 and L. monocytogenes 
(Collignon and Korsten, 2010). In our study, higher populations of E. coli O157: H7 and 
L. monocytogenes than S. enterica were detected on the surface of untreated cantaloupes 
during storage (Fig. 5.1), which indicates differences of these bacteria to attach and 
survive on cantaloupes. Besides, Gorski et al. (Gorski et al., 2003) reported that the 
attachment of L. monocytogenes 10403 on radish tissue was better at 20°C than at 37°C; 
thus, the tested temperature (21°C) in our study may favor the attachment of L. 
monocytogenes as well. In addition to attachment, declined bacteria cells were observed 
on uncoated cantaloupes during storage; the limit nutrient and competitive growth of 
native microflora on the surface of cantaloupes may have contributed to the declining 
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bacterial populations on uncoated cantaloupes during storage (Fig. 5.1). Similar 
phenomenon was also observed in other study (Ukuku et al., 2001)  
The coating treatments significantly reduced total molds and yeasts on the surface of 
cantaloupes (Fig. 5.2) and delayed the appearance of visible molds (Fig. 5.3), which 
indicates the potential of coating treatments to delay the microbial spoilage and extend 
the shelf life of cantaloupes. However, coatings did not completely inhibit molds and 
yeasts after 4-day storage (Fig. 5.3). Recovery of total molds and yeast was also observed 
after treatment of cantaloupes using chlorine gas (Trinetta et al., 2013) and X-ray 
(Mahmoud, 2012). Incomplete inhibition of yeasts was also observed after treating 
cantaloupes with 0.7 and 1.5 kGy electron beam (Palekar et al., 2015). This calls for other 
strategies to effectively inhibit molds and yeasts on cantaloupes throughout shelf-storage. 
Ripening of cantaloupes, in terms of color and firmness changes during storage, was 
significantly delayed by the coating treatments, especially that with 0.1% LAE, 0.1% 
EDTA and 1% CO (Figures 5.4-5.6). Similar results have been reported by others. 
Coating comprised of 10% gum arabic and 0.4% CO maintained the firmness of banana 
and papaya during storage at 13 ± 1°C and 12 ± 1°C for 28 days (Maqbool et al., 2011). 
Coatings with 1% w/v hydroxypropylmethylcellulose or chitosan with and without 2% 
bergamot EO maintained the firmness of grapes stored at 1-2°C for 22 days (Sánchez-
González et al., 2011). Ethylene plays a critical role in the regulation of the ripening 
process including degreening of cantaloupe rind and softening of the pulp (Flores et al., 
2008; Pech et al., 2008). Addition of EOs in the coating treatment with alginate-apple 
puree was observed to inhibit ethylene production from fresh-cut Fuji apple, which 
indicates inhibitory effect of EOs on the production of ethylene (Rojas-Graü et al., 2007). 
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Besides, the reduction of spoilage microorganisms can also reduce ethylene production, 
as observed for table grapes when eugenol, methol or thymol was included in modified 
atmosphere packaging (Valverde et al., 2005). In our study, inhibition of total molds and 
yeasts was observed in all coating treatments with antimicrobials (Fig. 5.2), which may 
contribute to the delayed ripening of cantaloupes. However, the specific role of each 
antimicrobial is to be studied. Lastly, no significant differences of weight loss and total 
soluble solids content among coated and uncoated cantaloupes may resulted from to the 
thin coating layer that was not able to cause significant impacts on these parameters. 
5.6. Conclusions 
Chitosan-based coatings with LAE, EDTA, and CO significantly inhibited the growth of 
E. coli O157: H7, L. monocytogenes and S. enterica cocktails on whole cantaloupes 
during 14-day storage at room temperature (21°C). Coatings also significantly reduced 
total molds and yeasts on whole cantaloupes. Chitosan-based coating with 0.1% LAE, 
0.1% EDTA, and 1% CO was observed to be the most effective in inhibiting pathogenic 
and spoilage microorganisms during the 14-day storage. The antimicrobial coatings also 
delayed the changes of color and firmness of cantaloupes during storage. These 
observations suggest the great potential of these novel coating formulations to improve 
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Appendix 
Figure 5.1. Growth kinetics of E. coli O157:H7 (A), S. enterica (B), and L. 
monocytogenes (C) on cantaloupes during storage at room temperature (21°C) up to 14 
days. The inoculated cantaloupes were coated with 1% chitosan only or with additional 
0.1% w/w LAE, 0.1% w/w EDTA, and 0, 0.5 or 1% w/w CO. The detection limit was 
1.60 log CFU/cm2. Error bars are standard deviations from two squares obtained from 
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Figure 5.1. continued 
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Fig. 5.2. Populations of total molds and yeasts on cantaloupe surfaces after coating (day 
2) with chitosan only or with additional 0.1% w/w LAE, 0.1% w/w EDTA, and 0, 0.5 or 
1% w/w CO. The detection limit was 1.22 log CFU/cm2. Error bars are standard 
deviations from four rind discs obtained from each of three cantaloupes (n = 3). 
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Fig. 5.3. Percentages of cantaloupes with visible molds during storage at room 
temperature (21°C). Cantaloupes were coated with chitosan only or with additional 0.1% 
w/w LAE, 0.1% w/w EDTA, and 0, 0.5 or 1% w/w CO. Each treatment had 3 groups of 
cantaloupes with 8 cantaloupes in each group. Error bars are standard deviations from 3 
groups of cantaloupes (n = 3). 
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Figure 5.4. Changes of cantaloupe colors during storage at room temperature (21°C). 
Cantaloupes were coated with chitosan only or with additional 0.1% w/w LAE, 0.1% 
w/w EDTA, and 0, 0.5 or 1% w/w CO. Error bars are standard deviations from three 
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Figure 5.4. continued 
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Figure 5.5. Photos of coated and uncoated cantaloupes on day 2 and day 14 at room 
temperature (21°C) storage. Cantaloupes were coated with chitosan only or with 
additional 0.1% w/w LAE, 0.1% w/w EDTA, and 0, 0.5 or 1% w/w CO.  
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Figure 5.6. Changes of cantaloupe firmness during storage at room temperature (21°C). 
Cantaloupes were coated with chitosan only or with additional 0.1% w/w LAE, 0.1% 
w/w EDTA, and 0, 0.5 or 1% w/w CO. Error bars are standard deviations from four flesh 
discs obtained from each of three cantaloupes (n = 12). 
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Figure 5.7. Changes of total soluble solids contents of cantaloupe flesh during storage at 
room temperature (21°C). Cantaloupes were coated with chitosan only or with additional 
0.1% w/w LAE, 0.1% w/w EDTA, and 0, 0.5 or 1% w/w CO. Error bars are standard 
deviations from four flesh discs obtained from each of three cantaloupes (n = 12). 
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Figure 5.8. Changes of weight loss (%) of cantaloupes during storage at room 
temperature (21°C). Cantaloupes were coated with chitosan only or with additional 0.1% 
w/w LAE, 0.1% w/w EDTA, and 0, 0.5 or 1% w/w CO. Error bars are standard 
deviations from four cantaloupes (n = 4).













Chapter 6. Nanoemulsions of thymol and 
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6.1. Abstract 
Lauric arginate (LAE) and essential oils (EOs) have synergistic antimicrobial activity 
against Listeria monocytogenes but they are antagonistic against Gram-negative bacteria. 
In an attempt to overcome that antagonistic activity, and to incorporate EOs in aqueous 
systems, properties of EO nanoemulsions prepared with an LAE and lecithin mixture 
were studied. The mixture resulted in translucent nanoemulsions of thymol and eugenol 
with spherical droplets smaller than 100 nm, contrasting with the turbid emulsions 
prepared with individual emulsifiers. LAE and lecithin were observed to form complexes 
that stabilized emulsion droplets during storage. Complex formation and 
nanoemulsification had negligible effects on the antimicrobial activity of LAE in tryptic 
soy broth. In 2% reduced fat milk, complex of LAE and lecithin showed reduced 
antimicrobial activity in inhibiting Gram-positive L. monocytogenes and Gram-negative 
Escherichia coli O157:H7 than LAE alone. Nanoemulsions showed similar antilisterial 
activities with LAE ; however, antagonistic activity of LAE and EOs against E. coli 
O157:H7 still existed, resulting the lowest activity of nanoemulsions. The greater 
availability of LAE assessed in release kinetics agreed with the greater inhibition of 
pathogens by nanoemulsions in the first 8 h, while a slower release at a later stage 
resulted in recovery of E. coli O157:H7 or slower reductions of L. monocytogenes. Our 
study showed improved emulsification capacity for EOs using complex of LAE and 
lecithin than either one alone; while lecithin showed negative effect on the antimicrobial 
activities of nanoemulsion systems. 
Keywords: Lauric arginate, lecithin, nanoemulsion, essential oil, antimicrobial 
properties. 
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6.2. Introduction 
Lauric arginate (LAE; ethyl-Nα-lauroyl-L-arginine ethyl ester monohydrochloride) is a 
cationic antimicrobial derived from lauric acid, arginine and ethanol (Ruckman et al., 
2004). LAE has been approved as a generally recognized as safe (GRAS) preservative by 
the United States Food and Drug Administration (USDA, 2005). LAE has very low 
toxicity because it is rapidly metabolized in vivo to lauric acid and arginine, both of 
which are naturally occurring dietary components (Hawkins et al., 2009). These features 
make LAE a promising antimicrobial preservative to control foodborne pathogens in food 
systems. It inhibits a broad spectrum of foodborne pathogens (Ma et al., 2013; Noll et al., 
2012; Porto-Fett et al., 2010) and, to date, LAE has been reported in many studies to be a 
highly efficient antimicrobial agent (Higueras et al., 2013a; Nair, 2013; Saini et al., 
2013). In recent study in our laboratories, the minimum inhibitory concentration (MIC) of 
LAE for inhibiting Listeria monocytogenes Scott A was found to be 11.8 ppm in tryptic 
soy broth (TSB), while the MIC for  Escherichia coli O157:H7 ATCC 43895 or 
Salmonella Enteritidis was 23.5 ppm (Ma et al., 2013). 
One problem with LAE is that, as a cationic antimicrobial, its antimicrobial activity is 
reduced considerably when applied in complex food matrices (Ma et al., 2013) due to 
binding with food components, such as anionic biopolymers (Asker et al., 2008; Bonnaud 
et al., 2010). For example, even at 750 ppm, LAE did not completely inhibit 6 log 
CFU/mL of E. coli O157:H7 ATCC 43895 or S. Enteritidis in 2% fat milk after 
incubation at 21°C for 48 h (Ma et al., 2013). Additionally at high concentrations, the 
cationic nature of LAE causes a bitter taste, which affects the acceptability of food 
products. Thus, strategies are needed to improve the functionality of LAE. 
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Some spice essential oils (EOs) have strong antimicrobial activity (Burt, 2004; Ma et al., 
2013) and are promising natural antimicrobial preservatives. Like LAE, binding by 
proteins and lipids requires high concentrations of EOs to obtain sufficient inhibition of 
foodborne pathogens in complex food matrices such as milk (Chen et al., 2014; Ma et al., 
2013). EOs can also affect the sensory aspects and acceptability of food products. 
Therefore, approaches for lowering the usage level of EOs in foods are needed. 
Preservation using antimicrobial combinations is an effective way to lower the 
concentration of each antimicrobial if synergistic antimicrobial effectiveness can be 
obtained. In our recent study, combining LAE and EOs (eugenol, thymol, and cinnamon 
leaf oil) pre-dissolved in ethanol showed a synergistic antimicrobial effect against L. 
monocytogenes Scott A (Ma et al., 2013). Since EOs are hydrophobic and have limited 
solubility in water (Chen et al., 2014), colloidal systems, such as oil-in-water 
nanoemulsions, are needed to incorporate EOs in aqueous systems (Chang et al., 2015; 
Pan et al., 2014; Xue and Zhong, 2014c). Because LAE is also an emulsifier, it can be 
used to prepare EO nanoemulsions (Ziani et al., 2011). To reduce the level of LAE as an 
emulsifier, another GRAS emulsifier may be used to co-emulsify EOs. In recent studies, 
we have observed synergistic surface activity when hydrophobic lecithin was used in 
combination with water-soluble sodium caseinate, gelatin, or Tween 20 to prepare 
nanoemulsions or microemulsions of EOs (Chen et al., 2015; Xue and Zhong, 2014a, c). 
Therefore, the objective of the present study was to prepare and characterize emulsions of 
eugenol or thymol using a combination of LAE and lecithin. Physical properties were 
studied for dimension, storage stability, zeta-potential, and morphology of emulsion 
droplets, as well as release kinetics of LAE. Antimicrobial activities of emulsions were 
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characterized in TSB and 2% reduced fat milk using a Gram-positive bacterium, L. 
monocytogenes Scott A, and two Gram-negative bacteria, E. coli O157:H7 ATCC43895 
and S. Enteritidis. 
6.3. Materials and methods 
6.3.1. Materials 
LAE was provided by Vedeqsa Inc. (New York, NY). The commercial product Mirenat-
TT contained 15.5% w/w LAE. Eugenol (98% purity) was purchased from Sigma-
Aldrich Corp. (St. Louis, MO). Soy lecithin (major component being 
phosphatidylcholine) was from Thermo Fisher Scientific Inc. (Waltham, MA). Simple 
Truth® 2% ultra-pasteurized reduced fat milk was bought from Kroger Co. (Cincinnati, 
OH).  
6.3.2. Bacterial culture 
L. monocytogenes Scott A, E. coli O157:H7 ATCC43895, and S. Enteritidis were from 
the culture collection of Department of Food Science and Technology at the University of 
Tennessee in Knoxville. All strains were stored in sterile 20% glycerol at -20°C and 
transferred at least 2 times in TSB with an interval of 24 h before use. L. monocytogenes 
was incubated at 32°C, while E. coli O157:H7 and S. Enteritidis were incubated at 37°C. 
6.3.3. Preparation of nanoemulsions 
Lecithin was mixed at 1% w/w in deionized (DI) water, followed by adding 3-7% w/w 
Mirenat-TT (corresponding to 0.47-1.09% w/w LAE) and 1% w/w eugenol. The mixture 
was then homogenized at 15,000 rpm for 6 min using a T25 digital UlTRA TURRAX® 
homogenizer (IKA® Works, Inc., Wilmington, NC). Absorbance at 600 nm was measured 
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using a UV-Vis spectrophotometer (Evolution 201, Thermo Scientific, Waltham, MA). 
The optimized conditions identified for eugenol were then used to prepare the 
nanoemulsion of thymol. 
6.3.4. Dimension and stability of emulsion droplets 
The hydrodynamic diameter of nanoemulsions was measured by dynamic light scattering 
during 30-day storage at room temperature (21°C). The Delsa Nano analyzer (Beckman 
Coulter, Atlanta, GA) had at a scattering angle of 165°. Samples were diluted in DI water 
before measurement. Three nanoemulsion replicates were studied.  
6.3.5. Atomic force microscopy (AFM) 
The morphology of nanoemulsion droplets was studied using AFM. Nanoemulsions were 
diluted 1,000 times in DI water. Ten microliter of the diluted sample was spread on a 
freshly cleaved mica sheet and mounted on a sample holder (Bruker Corp., Santa 
Barbara, CA). After about 2-h drying, samples were scanned in the tapping mode with a 
Multimode VIII microscope (Bruker AXS, Billerica, MA, USA). Topography images 
scanned at a dimension of 1.0×1.0 µm were collected. 
6.3.6. Zeta-potential measurement 
The zeta-potential of LAE, lecithin, LAE and lecithin mixture, and eugenol 
nanoemulsions prepared with LAE and lecithin were measured at 25°C (model Nano-ZS 
Zetasizer, Malvern Instruments Ltd, Worcestershire, UK). Nanoemulsions were diluted in 
DI water and adjusted to pH 4.0-7.0 using 1.0 M HCl or NaOH before measurement. 
Three measurements with 3 runs each were done for each sample.  
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6.3.7. Release kinetics of LAE 
Release kinetics of LAE from nanoemulsions was studied by dialysis against DI water at 
room temperature (21°C). Regenerated cellulose dialysis tubing with a molecular weight 
cut-off of 3,500 Da (Thermo Fisher Scientific Inc., Waltham, MA) was loaded with 5 mL 
nanoemulsions or a 6000 ppm LAE solution that was identical to the LAE concentration 
of the nanoemulsion. The sealed tubes were placed in beakers containing 200 mL DI 
water that was mixed on a stir plate at 300 rpm. 20 mL of solution outside the dialysis 
tubing was withdrawn after 0, 1, 2, 4, 8, 24, 48, 72, 96 h, and 20 mL of fresh DI water 
was added to the beakers to maintain the volume at each sampling. LAE concentration in 
the sample withdrawn was quantified with HPLC (Higueras et al., 2013b). Briefly, the 
reversed-phase HPLC system (1200 series; Agilent Technologies, Waldbronn, Germany) 
was equipped with a UV detector (204.16 nm). A Zorbax Eclipse Plus C18 HPLC 
column (4.6 × 150 mm, 5 µm; Agilent, Palo Alto, CA) protected by a Zorbax Eclipse 
Plus C18 guard column (4.6 × 12.5 mm, 5µm) was used. The sample injection volume 
was 10 µL and the mobile phase with equal volumes of acetonitrile and water acidified 
with 0.1% trifluoroacetic acid was run at 1.0 mL/min. The cumulatively released LAE 




where Rti is the cumulatively released LAE at time ti, ai is the concentration of LAE 
outside the dialysis tube at time ti, and A is the original concentration of LAE in the 
dialysis tube. All experiments were repeated in triplicate. 
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6.3.8. Determination of minimum inhibitory concentration (MIC) and minimum 
bactericidal concentrations (MBC) in tryptic soy broth 
MICs and MBCs of antimicrobials were determined by a microbroth dilution method (Ma 
et al., 2013). In addition to nanoemulsions, samples with LAE only, lecithin only, or both 
at concentrations identical to nanoemulsions were tested as controls.The culture was 
diluted to ca. 106 CFU/mL bacteria using TSB. Then 120 µL of a bacteria culture and 120 
µL of an antimicrobial working solution were added into wells of sterile microtiter plates. 
After 24 h incubation at 32°C for L. monocytogenes or 37°C for E. coli O157:H7 and S. 
Enteritidis, plates were observed for growth of bacteria by visual inspection. MICs were 
defined as the lowest antimicrobial concentration inhibiting bacteria growth (Ma et al., 
2013). MBCs were defined as the lowest antimicrobial concentration corresponding to at 
least 3 log reduction of viable cells by spreading the negative cells in MICs tests on 
tryptic soy agar (TSA) plates and incubating for 48 h at 32°C (for L. monocytogenes) or 
37°C (for E. coli O157:H7 and S. Enteritidis) (Branen and Davidson, 2004). Experiments 
were repeated once with 3 replications each time. 
6.3.9. Microbial growth kinetics in 2% reduced fat milk 
Free LAE, a mixture of LAE and lecithin, or nanoemulsions were added at an LAE 
overall concentration of 750 ppm in the 2% fat milk. One milliliter of cultures containing 
107 CFU/mL L. monocytogenes Scott A or E. coli O157:H7 ATCC 43895 were added to 
9 mL of milk to achieve a final population of ca. 106 CFU/mL. The mixtures were 
incubated at room temperature (21°C) for up to 120 h. Viable cells were enumerated after 
incubation for 0, 4, 8, 24, 48, 72 and 120 h by surface plating on TSA plates and 
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incubating at the appropriate optimum temperature for each bacterium for 24 h. 
Experiments were done in triplicate.  
6.3.10. Statistical analysis 
Data were analyzed with ANOVA Tukey's test using SPSS 20 (IBM, Armonk, NY) at a 
significance level of 5%.  
6.4. Results  
6.4.1. Conditions of preparing emulsions 
The appearance and absorbance at 600 nm of emulsions with 1% w/w eugenol emulsified 
by 0.47-1.09% w/w LAE with and without 1% w/w lecithin are shown in Fig. 6.1. 
Emulsions prepared with combinations of LAE and lecithin had much lower absorbance 
values than those emulsified by LAE alone. The emulsion prepared by 1% w/w lecithin 
alone was the most turbid. Translucent emulsions were obtained using 1% w/w lecithin 
and 0.78-1.09% w/w LAE, and the absorbance was similar for the emulsions with 0.93% 
w/w and 1.09 % w/w LAE alone. Thus, the combination of 0.93% w/w LAE and 1% w/w 
lecithin was chosen to prepare emulsions for further study. 
6.4.2. Droplet dimension and zeta-potential of nanoemulsions 
The hydrodynamic diameters of nanoemulsions during 30-day storage are shown in Fig. 
6.2A. The hydrodynamic diameter was around 55 and 75 nm for eugenol and thymol 
nanoemulsions, respectively, and remained stable for 30 days at room temperature 
(21°C). Particle size distribution (Fig. 6.2B) of the nanoemulsions on day 30 showed only 
one sharp peak, which suggested the nanoemulsions were stable after one month. 
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The zeta-potentials of LAE, lecithin, LAE-lecithin mixture, and eugenol nanoemulsion 
emulsified with LAE-lecithin at pH 4.0-7.0 are shown in Fig. 6.3. Lecithin had a highly 
negative zeta-potential at pH 4.0-7.0, and the decrease from pH 4.0 to 7.0 was significant 
(p < 0.05). No significant difference (p > 0.05) in positive zeta potential of LAE, the 
mixture of LAE and lecithin, and eugenol nanoemulsion was found at pH 4.0-7.0. 
6.4.3. Morphology of emulsion droplets 
The AFM morphology of nanoemulsion droplets is shown in Fig. 6.4. Both eugenol and 
thymol nanoemulsions had mostly spherical particles. The average diameter estimated 
over 50 particles of eugenol and thymol nanoemulsions was about 90 and 100 nm, 
respectively, which was about 30 nm larger than the hydrodynamic diameter (Fig. 6.2). 
This can result from the drying process during sample preparation that caused flattening 
of the particles. 
6.4.4. Release kinetics of LAE 
Release kinetics of LAE from nanoemulsions is shown in Fig. 6.5. A rapid release of 
LAE from the dialysis tube to bulk water was observed in the first 8 h for nanoemulsions 
and free LAE. The cumulative release of LAE at 8 h reached 72%, 58%, and 55% for free 
LAE, eugenol nanoemulsion, and thymol nanoemulsion, respectively. After 8 h, the 
release of LAE was slower in all samples. Overall, the free LAE solution passed through 
the dialysis tube more rapidly and to a greater extent under the conditions studied. 
6.4.5. MICs and MBCs in tryptic soybean broth 
No inhibition by lecithin of the test bacteria was observed with MICs greater than 1,500 
ppm (Table 6.1). The mixture of LAE and lecithin, LAE alone, and nanoemulsions had 
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the same MICs of 11.8 ppm LAE against L. monocytogenes Scott A and E. coli O157:H7 
ATCC43895 and 23.5 ppm against S. Enteritidis. When LAE was used alone, the MBC 
was 11.8 ppm for L. monocytogenes and E. coli O157:H7 and was 23.5 ppm for S. 
Enteritidis. The MBCs of LAE alone against E. coli O157:H7 and S. Enteritidis were the 
same (in LAE concentration) after mixing LAE with lecithin or being used to prepare 
nanoemulsions. However, the MBCs of the mixture and nanoemulsions increased to 23.5 
ppm (one dilution higher) when tested against L. monocytogenes. 
6.4.6. Microbial growth kinetics in 2% reduced fat milk 
Growth curves of Gram-positive L. monocytogenes Scott A and Gram-negative E. coli 
O157:H7 ATCC43895 in 2% reduced fat milk at 21°C treated by antimicrobials at an 
overall LAE concentration of 750 ppm are shown in Fig. 6.6. For L. monocytogenes, a 
continuous reduction of viable cells was observed for nanoemulsion and LAE only 
treatments, reaching below the detection limit (1.0 log CFU/mL) after 24 h. The 
reduction of L. monocytognenes by the LAE-lecithin mixture was the slowest, and viable 
cells were still detected after 72 h. Except for the untreated control, a decrease of E. coli 
O157: H7 population was observed for all treatments in the first 8 h, with the eugenol 
nanoemulsion treatment demonstrating the least effectiveness. After 8 h, recovery of E. 
coli O157: H7 was observed for all treatments except LAE alone. The relative 
effectiveness in increasing order was eugenol nanoemulsion<thymol 
nanoemulsion<LAE-lecithin mixture<LAE alone. This group of studies demonstrated the 
negative effect of lecithin on the antimicrobial activity of LAE. 
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6.5. Discussions 
Findings from this work (Fig. 6.1) showed the improved emulsification capacity for EOs 
when LAE and lecithin were used in combination than either one used alone. The 
partition coefficient of LAE between oil and water phases is high (>10), which means 
LAE is present mostly in the water phase of an emulsion (Gil Bakal, 2005). Lecithin is a 
natural anionic surfactant consisting of various phospholipids (Fernandez et al., 1998), 
which results in a hydrophile-lipophile-balance (HLB) value of about 9.2-9.5 (Kunieda 
and Ohyama, 1990) and an overall lipophilic property. As reported in many studies, 
surfactants with a proper HLB value are required to form stable emulsions (Peng et al., 
2010; Sagitani, 1981). Thus, the mixture of LAE with a high HLB value and lecithin with 
a low HLB value may favor the formation of nanoemulsions of EOs. Based on zeta-
potential data (Fig. 6.3), the mixture of overall anionic lecithin and cationic LAE has a 
similar zeta-potential as LAE, which indicates the two surfactants form complexes with 
the surface being predominantly hydrophilic LAE. The complex can be formed through 
electrostatic attraction between opposite charges of LAE and lecithin or hydrophobic 
attraction. Similar zeta potentials of LAE and LAE-lecithin mixture suggest hydrophobic 
attraction is the major mechanism. Complexes were also previously found to favor the 
preparation of EO nanoemulsions when lecithin and gelatin (Xue and Zhong, 2014b) and 
other surfactants (Gullapalli and Sheth, 1999; Porras et al., 2008) were used in 
combination.  
No creaming or precipitation was observed during 30-day storage. The stable 
hydrodynamic diameters and particle size distribution of nanoemulsions (Fig. 6.2) 
showed the absence of Ostwald ripening and coalescence. The high magnitude of positive 
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zeta-potential (Fig. 6.3) provides strong electrostatic repulsion to prevent the aggregation 
and thus coalescence of emulsion droplets. As discussed previously, LAE and lecithin 
form complexes that have similar zeta-potential at pH 4.0- 7.0 as the eugenol 
nanoemulsion, which suggests that the adsorption of complexes on droplets and the 
lipophilic lecithin is in contact with the oil phase (Jain et al., 2012). The complexes on 
droplet surfaces may be effective in preventing droplet dimension changes due to 
Ostwald ripening.  
The formation of LAE-lecithin complexes likely reduced the inhibition by LAE of E. coli 
O157: H7 and L. monocytogenes in milk (Fig. 6.6). Milk was used because the binding 
between proteins and/or fats and antimicrobials is significant and can indicate the 
influence of food components on antimicrobial activity of compounds. LAE is an 
arginine-based cationic antimicrobial that inhibits microorganisms by first binding with 
negatively charged bacteria surfaces (Castillo et al., 2004; Pattanayaiying et al., 2014). 
Binding with lecithin reduced the amount of free LAE thus reducing interaction with the 
bacteria which resulted in less penetration of LAE into the bacteria cell membranes. 
Thus, there was a lowered antimicrobial activity of LAE in milk (Fig. 6.6). In contrast, no 
significant difference was found for inhibition of L. monocytogenes with the same 
concentrations of free LAE and nanoemulsion LAE in milk (Fig. 6.6B). Because, as 
discussed previously, while complexing of LAE with lecithin reduced antimicrobial 
activity, similar activity of free and nanoemulsion LAE likely resulted from the 
complementary effect of the synergistic activity of LAE and eugenol or thymol inhibiting 
L. monocytogenes. Conversely, the antagonistic effects of LAE-EO combinations against 
E. coli O157:H7 (Ma et al., 2013) were more pronounced than the effect of the lecithin-
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LAE complex, resulting in the most rapid recovery by the Gram-negative bacteria in the 
nanoemulsion treated in milk (Fig. 6.6).  
No differences were detected in the MICs of free LAE, LAE-lecithin mixture, and 
nanoemulsions for the three tested bacteria (Table 6.1). There was also no difference in 
the MBCs of the above antimicrobials when tested for Gram-negative bacteria (Table 
6.1). The contradiction between MICs/MBCs and growth in 2% reduced fat milk can be 
the result of several factors. The end-point assay to determine MIC and MBC is done at a 
single time, 24 h. No kinetics are determined in the end-point test so the level of growth 
or inactivation is unknown. Thus, MICs/MBCs can only give a limited picture of the 
antimicrobial efficacy and are therefore must be used together with dynamic assay such 
as growth curves to comprehensively analyze antimicrobial properties. 
The release kinetics of LAE from nanoemulsions (Fig. 6.5) was in good agreement with 
the growth kinetics of E.coli O157: H7 or L. monocytogenes in milk (Fig. 6.6). In the first 
8 h, the release rate of LAE corresponded to the rapid reduction of E. coli O157: H7 and 
L. monocytogenes in the first 8 h. The lesser increases of LAE release during longer time 
points agreed with less reduction of L. monocytogenes or recovery of E. coli O157: H7 
treated by nanoemulsions. For free LAE, it was not bound by lecithin and hydrophobic 
EOs and therefore had the greatest activity against E.coli O157: H7. However, even 750 
ppm LAE was insufficient to completely inhibit E.coli O157:H7 which gradually 
recovered over 120 h.  
6.6. Conclusions 
In the present study, nanoemulsions of EOs were successfully prepared with positively-
charged LAE and negatively-charged lecithin. LAE and lecithin formed complexes that 
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improved the ability to emulsify EOs and stabilize emulsion droplets during storage. 
Complex formation reduced the availability of LAE and the antimicrobial activity in 
milk. Similar antilisterial activities of nanoemulsions and free LAE were observed in 
milk. Conversely, compared to free LAE, much reduced inhibition of Gram-negative E. 
coli O157:H7 in milk by nanoemulsions was detected. Overall, the combination of LAE 
and lecithin provided an effective approach to nano-emulsify EOs for incorporation in 
food products, especially those requiring optical transparency. However, it did not 
improve the activity of LAE and EOs to effectively inhibit Gram-negative pathogens like 
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Appendix 
Table 6.1. Minimum inhibitory concentration (MICs, in LAE concentration, ppm) and 
minimum bactericidal concentrations (MBCs, in LAE concentration, ppm) of 
antimicrobials against Listeria monocytogenes (LM) at 32 °C and Escherichia coli 
O157:H7 (EC) and Salmonella Enteritidis (SE) at 37 °C in tryptic soy broth. 
 Bacteria Lecithin LAE LAE+le
cithin 
Nanoemulsio
n of eugenol* 
Nanoemulsion 
of thymol* 
MICs LM  >1500 11.8 11.8 11.8 11.8 
EC  >1500 11.8 11.8 11.8 11.8 
SE >1500 23.5 23.5 23.5 23.5 
MBCs LM  >1500 11.8 23.5 23.5 23.5 
EC  >1500 11.8 11.8 11.8 11.8 
SE >1500 23.5 23.5 23.5 23.5 
*Nanoemulsions were prepared with 1%w/w eugenol or thymol and 0.93% w/w LAE and 
1% w/w lecithin. 
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Figure 6.1. Emulsions with 1% w/w eugenol emulsified by (A) 0.47-1.09% w/w lauric 
arginate (LAE) (B) 0.47-1.09% w/w LAE with 1% w/w lecithin (C) 1% w/w lecithin 
along; and absorbance of eugenol nanoemulsions at 600 nm (OD600 nm) prepared by LAE 
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Figure 6.2. Hydrodynamic diameter of thymol and eugenol nanoemulsions during storage 
at 21 °C (A) and particle size distribution of the nanoemulsions after 30 days (B). Error 
bars are standard deviations (n = 6). 
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Figure 6.3. Zeta-potential of LAE, lecithin, LAE-lecithin mixture, and a nanoemulsion 
with 1% eugenol emulsified by 0.93% LAE and 1% lecithin at pH 4.0-7.0 and 25°C. 
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Figure 6.4. AFM topography images of nanoemulsions prepared with eugenol (A) and 
thymol (B). Image dimensions are 1 µm! 1 µm. 
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Figure 6.6. Growth curves of L. monocytogenes Scott A (A) and E. coli O157:H7 ATCC 
43895 (B) in 2% reduced fat milk at 21°C after treatment by antimicrobials containing 
750 ppm lauric arginate (LAE). The LAE+lecithin mixture had same LAE and lecithin 
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This dissertation demonstrated the antimicrobial activity of combinations of LAE, EOs 
and/ or EDTA, the mechanism of the antimicrobial action, and effects of chitosan-based 
coatings incorporated with these antimicrobials on safety and quality of whole 
cantaloupes. 
Synergistic effect of LAE and EOs in inhibiting the Gram-positive bacteria L. 
monocytogenes and antagonistic effect against Gram-negative bacteria S. Enteritidis and 
E. coli O157: H7 were detected. With the addition of EDTA, antimicrobial activities 
against both Gram-positive and Gram-negative bacteria were dramatically enhanced. 
Results on the mechanism of the antimicrobial action showed that EDTA can improve the 
permeability of Gram-negative bacteria outer membrane and facility the penetration of 
LAE and CO; CO can cause the severe damage of bacteria cell membranes, while LAE 
can cause the assembly of bacteria DNA molecules. Chitosan-based coatings can 
effectively inhibit the growth of foodborne pathogens inoculated on the surface of whole 
cantaloupes during 14-day storage at room temperature. Delayed ripening of whole 
cantaloupes with chitosan-based coatings containing the antimicrobials was also 
observed. 
To broaden the applications of hydrophobic EOs and utilize the synergistic effect of LAE 
and EOs in inhibiting Gram-positive bacteria, nanoemulsions of EOs co-emulsified by 
LAE and lecithin were prepared. However, negative-charged lecithin caused a decreased 
antimicrobial efficacy of the nanoemulsion systems. 
 
Therefore, future work is needed to further explore the effect of the prepared chitosan-
based coating systems on safety and quality of other food products, such as meat and 
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poultry products. Nanoemulsions of EOs emulsified with LAE and other emulsifiers, 
which have no negative effects on the antimicrobial activity of the systems, need to be 
further investigated. Besides, sensory properties of the whole cantaloupes with or without 
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